REMARKS 



THE CLAIM AM ENDM ENTS 

Applicants have canceled claim 80. 

Applicants have amended radical "R 2 " in claims 22, 45, 48, 
51-52, 54, 57-58, 60-62, 64-65, and 67-69 to further clarify 
the subject matter intended therein. Applicants have recited 
the phrase: 

"C0 2 H, CH 2 C0 2 H or Ci_ 6 alkyl esters, C3-10 cycloalkyl esters, 
or cholesterol esters thereof; or primary, secondary or 
tertiary amides thereof; wherein suitable substituents on the 
nitrogen of said amides includes one or more Ci_6 alkyl groups 
optionally substituted with N(R) 2 or 5-6 membered heterocyclic 
rings containing 1-2 heteroatoms; and wherein R is linear or 
branched Ci_i 2 aliphatic;" 

after the term "R 2 is" and in place of the phrase: 

"i) C0 2 H, or an ester, or an amide thereof; or R 2 is an 
isostere of said C0 2 H; or 

ii) CH 2 C0 2 H, or an ester, or an amide thereof; or R 2 is 
an isostere of said CH 2 C0 2 H" 

Support for this amendment is found throughout the 

specification as originally filed (see, e.g., page 12, lines 

26-31 and page 13, lines 1-12). 

Applicants have amended radical " R 2 " in claim 41 to 

further clarify the subject matter intended therein. 

Applicants have recited the phrase: 

"C0 2 H, or Ci_6 alkyl esters, C3-10 cycloalkyl esters, or 
cholesterol esters thereof; or primary, secondary or tertiary 
amides thereof; wherein suitable substituents on the nitrogen 
of said amides includes one or more Ci_ 6 alkyl groups 
optionally substituted with N(R) 2 or 5-6 membered heterocyclic 
rings containing 1-2 heteroatoms; and wherein R is linear or 
branched Ci_i 2 aliphatic;" 

after the term "wherein R 2 is" and in place of the phrase: 

"C0 2 H, or an ester, or an amide thereof; or R 2 is an 
isostere of said C0 2 H." 
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Support for this amendment is found throughout the 
specification as originally filed (see, e.g., page 12, lines 
26-31 and page 13, lines 1-12). 

Applicants have amended claim 69 by inserting an "and" 
between the definition of radical R 2 and radical R 4 and R 5 to 
further clarify the claim. 

Applicants have amended claim 79 by inserting the phrase 
"a caspase-mediated disease selected from" after the term "A 
method of treating" to clarify the type of diseases intended. 
Support for this amendment is found throughout the 
specification as originally filed (see, e.g., page 4, lines 
19-22) . In response to the telephonic discussion with the 
Examiner on 8/16/05, applicants have removed the following 
diseases; "an inflammatory disease, glomerulonephritis, burns, 
traumatic brain injury, spinalcord injury, amyotrophic lateral 
sclerosis, multiple sclerosis, pancreatitis, various forms of 
liver and renal disease, chronic active hepatitis, hepatitis 
B, and treatment for complications associated with coronary 
bypass grafts". Applicants have also recited the disease 
"acute renal failure" in place of the term "various forms of 
liver and renal disease" to further clarify the type of renal 
disease intended. Applicants have recited the definitions of 
radicals R 1 , R 2 , R 3 , R 4 , R 5 , R, Z, and Y after the structure of 
the compound of formula I to insure all the limitations of 
independent claim 79 are recited. 

Applicants have amended claim 81 to depend from claim 22 . 
Therein, applicants have deleted the phrase "of formula I" and 
recited the phrase "according to claim 22". 

None of the above amendments adds any new matter. These 
amendments are further discussed below in the context of the 
Examiner's objections and rejections. 

THE OBJECTIONS 
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The Examiner has objected to claims 36 and 37 as being 
dependent upon rejected base claim 22. As discussed above, 
applicants have amended claim 22 to overcome the Examiner's 
rejection. Applicants now believe that claim 22 is in 
condition for allowance and that therefore claims 36 and 37, 
which depend therefrom, are also in condition for allowance. 
Therefore, applicants request that the Examiner withdraw this 
objection. 

THE REJECTIONS 

3 5 U.S. C. § 112, Second Paragraph 

Applicants respond below to the Examiner's specific 
assertions using the enumeration set forth in the Office 
Action. 

i) Claims 22 and 39-81 stand rejected under 35 U.S. C. § 
112, second paragraph, as being indefinite for failing to 
point out and distinctly claim the subject matter of the 
invention. Specifically, the Examiner asserts that the 
definition of radical R 2 as "-C0 2 H or -CH 2 C0 2 H, or an ester or 
an amide thereof" is open-ended. As noted above, and as 
suggested by the Examiner, applicants have amended claims 22, 
41, 45, 48, 51-52, 54, 57-58, 60-62, 64-65, and 67-69 to 
clarify the definition of radical R 2 . Accordingly, applicants 
respectfully request that the Examiner withdraw this 
rejection. 

ii) The Examiner has rejected claim independent 79 for 
failing to recite all the limitations of the radicals for 
compounds of formula I. As discussed above, applicants have 
amended claim 79 to recite the definitions of radicals R 1 , R 2 , 
R 3 , R 4 , R 5 , R, Z, and Y. Therefore, claim 79, as amended, now 
recites all the limitations of compounds of formula I. 
Accordingly, applicants respectfully request that the Examiner 
withdraw this rejection. 
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iii) The Examiner has rejected claim 80 for depending 
from improper independent claim 79. As discussed above, 
applicants have canceled claim 80 thereby obviating this 
rejection. 

35 U.S. C. § 112, First Paragraph 

Claims 79-81 stand rejected for lack of enablement under 
35 U.S.C. § 112, first paragraph. Specifically, the Examiner 
contends that the amended list of diseases in claim 79 raise 
additional problems. The Examiner suggests that 
"'inflammatory disease' embraces inflammation from any cause, 
not just caspase mediated ones" . Likewise the Examiner 
contends that "pancreatitis [and] various forms of liver and 
renal disease" embrace diseases which result from other 
diseases not associated with caspases. Additionally, the 
Examiner acknowledged the references submitted by applicants 
in support of the claimed diseases. However, the Examiner 
could not see the authors conclusions in sixteen* of the 
references because only the single page abstracts were 
submitted. Lastly, the Examiner contends "most of the 
remaining papers are speculative and say that more research is 
required" . Applicants traverse in light of the amendments 
discussed above and for the reasons below. 

The methods of the present invention are drawn to 
treating diseases wherein caspase plays a regulatory role. 
See, e.g., specification page 4, lines 19-32, page 5, lines 1- 
4, page 8, lines 13-16, page 31, lines 15-21, page 37, lines 
4-32, and page 38, lines 1-13 claims 79-81, as filed. 
Applicants have clarified this aspect of the invention in 
claim 79 by amending it to recite "a caspase-mediated disease 
selected from" . 



*Applicants have submitted, herewith, full copies of Exhibits 4, 7, 9-12, 
15, 17, 19-21, and 23-25 in response to the Examiner's comments. 
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Additionally, applicants have discussed the role of 
caspases in inflammatory diseases (see specification at page 
3, lines 1-13), in apoptotic disorders (see specification at 
page 1, lines 19-27), and a variety of other mammalian 
diseases associated with an increase in cellular apoptosis 
(see specification at page 4, lines 19-32 and page 5, lines 1- 
4) . Applicants have also expressly disclosed examples of such 
diseases (see specification at page 37, lines 4-32 and page 
38, lines 1-13) . 

Thus, the twin requirements of an identifiable disease 
state and caspase regulation underpinning such a disease state 
ensures that the methods of the present invention do not read 
on disease states implicated by non-caspase pathways. 

The caspase art and applicants 1 specification provide 
ample evidence of the regulatory role of caspase in various 
diseases (see, e.g., Exhibits 1-42 in the December 21, 2004 
response and in the specification page 2, lines 14-24, page 3, 
lines 5-15, page 4, lines 10-30) . And, applicants have 
extensively demonstrated the ability of the compounds of the 
present invention to inhibit caspase activity, IL-1S 
secretion, and Fas-induced apoptosis (see specification at 
page 74, lines 25-27 to page 79, line 24). 

For the above reasons, one of skill in the art will 
readily appreciate that: 

(a) the methods of claims 79-81 are drawn to a scope 
that is readily ascertained and encompasses disease states 
only associated with caspase activity; and 

(b) this scope is commensurate with applicants 
disclosure and exemplification of caspase inhibitory activity 
and by the references /exhibits provided. 

Furthermore, the MPEP states that "the applicant does not 
have to provide evidence sufficient to establish that an 
asserted utility is true 'beyond a reasonable doubt' In re 
Irons, 340 F.2d 974, 978 (CCPA 1965)." See, MPEP § 2164.07. 
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Based on the amendments to claim 79 discussed above, the 
specification as filed, the 14 full references provided 
herewith in support of the claimed diseases, and the evidence 
of record provided by applicants in their December 21, 2004 
response, applicants believe they have provided credible 
evidence to support the claimed caspase-mediated diseases. 
Therefore, for all of the reasons set forth above, applicants 
request that the Examiner withdraw this § 112, first paragraph 
rejection. 

CONCLUSION 

Applicants respectfully request that the Examiner 
consider the foregoing remarks and allow the pending claims to 
pass to issue. Applicant's express their appreciation to the 
Examiner for helpful discussions during their August 16, 2005 
phone conference. If it is believed that a telephone call 
would further expedite prosecution, the Examiner is invited to 
contact the undersigned at (617) 444-6467. 




Respectf ully submitted, 



Michael C. Badia 
Reg. No. 51,424 
Agent for Applicants 
Vertex Pharmaceuticals Inc. 
130 Waverly Street 
Cambridge, MA 02139-4242 
Tel. : (617)444-6467 
Fax. : (617)444-6483 
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Abstract 

Loss of neurons after traumatic brain injury (TBI) might involve dysregulated apoptosis. Activation of caspase-3 is one hallmark of 
apoptosis. Therefore, caspase-3 activity (cleavage of DEVD-afc) was measured in cerebrospinal fluid (CSF) samples (n = 113) from 27 
patients with TBI at day 1 tO 14 after trauma. Caspase-3 activity was detected in 31 (27.4%) CSF samples with highest values (> 5.5 
|xM/min) seen at day 2-5 after trauma. No caspase-3 activity was found in serum from patients or CSF from controls. The presence of 
activated caspase-3 in CSF suggests ongoing apoptotic processes during traumatic brain injury. ©2001 Elsevier Science B.V. All rights 
reserved. 



Keywords: Apoptosis; Neurons; Trauma; Brain; DEVD-afc; zVAD 



Neuronal cell loss after traumatic brain injury (TBI) has 
been formerly attributed to necrosis of neurons as a result 
of secondary insults. More recent evidence from animal 
models (Rink et al., 1995) and findings in human patient 
tissues (Ng et al., 2000; Clark et al., 1999) point towards 
an involvement of apoptosis in the mechanism of neuronal 
destruction following TBI. Apoptosis in neurons, endothe- 
lial cells, and astrocytes is triggered through the CD95 
system (Leist and Nicotera, 1998). Because high concen- 
trations of CD95-ligand were found in cerebrospinal fluid 
(CSF) from patients with severe TBI (Ertel et al., 1997), 
this points to the involvement of apoptotic processes re- 
sponsible for brain damage following TBI. 

A group of intracellular cysteine proteases, called cas- 
pases has been shown to play a pivotal role in the regula- 
tion and execution of apoptosis. Within this group, cas- 
pase-3 is the main executioner protease and its activation 
marks a point-of-no-return in the complicated cascade of 
apoptosis induction. Thus, the presence of active caspase-3 
is a good indicator of apoptosis. To date, it is unknown 
whether active caspase-3 can be released from cells dying 
by apoptosis into CSF following TBI. 

Therefore, caspase-3 activity was examined in the CSF 
of 27 patients with severe TBI. All patients were treated 
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according to our standard protocol for TBI (Stocker et al., 
1995), which was approved by the University Hospital 
Medical Ethics Board. Three patients (11.1%) succumbed 
to death due to TBI. As a control, the CSF from seven 
patients requiring spinal anesthesia for elective orthopedic 
surgery (with normal CSF protein content and cell count) 
were included in this study after written informed consent. 
The control group was comparable to the trauma patients 
with regard to age and gender (Table 1). 

CSF drained from an indwelling ventricular catheter 
was collected from all patients each day at 8 am between 
days 1 and 14 after trauma. However, in some patients, it 
was not possible to obtain CSF on consecutive days due to 
failure of the intraventricular catheter, collapsed ventricles 
due to extensive brain edema or death of the patient. The 
preflow (0,5 ml) was discarded and 1-2 ml of the sterile 
CSF centrifuged (300 X g, 10 min, 4 °C) and then frozen 
immediately at — 80 °C until further processing. 

Caspase-3 activity in the CSF was measured by a 
fluorimetric assay based on the specific hydrolysis of 
DEVD-7-amino-4-trifluromethylcoumarin (DEVD-afc, 60 
|xM) in substrate buffer (50 mM HEPES, pH 7.4, 1% 
sucrose, 0.1% Chaps, 10 mM DDT, Thornberry, 1994). 
Caspase-3 activity (|xM afc/min) was determined by mea- 
suring the increase of afc-fluorescence (excitation at 385 
nm; fluorescence emission at 505 nm) over 30 min at 37 
°C, and calculation of the afc formation /time based on an 
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Table 1 



Demographic data of patients and controls 



Group 


n 


Age 8 


Gender b 


Mortality 


AIS 


ISS 


GCS 


Patients 


27 


36.1 ± 12.9 


24/3 


11.1% 


4.8 ± 0.4 


29.2 ±11.9 


7.9 ± 4.2 


Controls 


7 


41.6 ±9.8 


6/1 











AIS: abbreviated injury score (points), ISS: injury severity score (points). GCS: Glasgow coma scale (points). 
"Mean age ± SD. 
b Gender is given as male/female. 



afc standard curve. The specificity of the assay for cas- 
pase-3 activity was confirmed by the block of fluorescence 
increase when samples were re-measured in the presence 
of the caspase inhibitors DEVD-CHO (l |xM) or zVAD- 
fmk (5 jxM). Recovery (105 ± 10% at a mixture of sam- 
ple:caspase-3 (300 jiM/min) of 96:4) and sensitivity (> 
0.5 |xM/min) of the assay was regularly controlled by 
addition of active recombinant human caspase-3 to control 
CSF samples. 

Caspase-3 activity was detected in 31 of 113 (27.4%) 
CSF samples from 20 out of 27 patients (74.1%) with TBI 
(Fig. 1). The highest levels of caspase-3 activity were 
detected between day 2 (6.5 |xM/min), day 4 (5.5 
p,M/min) and day 5 (6.3 |xM/min) after trauma and 
declined thereafter. In contrast to CSF from patients, cas- 
pase-3 activity was undetectable in CSF from the seven 
controls or in parallel serum samples from patients and 
controls despite addition of DTT (10 mM) to the samples 
which is known to reactivate caspases previously inacti- 
vated by mild oxidants or nitric oxide (NO). 

The data presented here show that caspase-3 activity is 
present in CSF of patients with severe TBI, indicating the 
involvement of apoptotic processes in the brain following 



Caspase-3 
activity (|iM/min) 

8-| 



6- 
4 - 



2 - 




• • ' • • 

0- • • • • 

Nag. 

samples (n) 7 13 8 12 674 12 1 373006 

I I I ' I I I I I I I I I I I 

Control 1 3 5 7 10 14 

Sampling Days 

Fig. 1. Caspase-3 activity in CSF from patients with severe traumatic 
brain injury compared to controls. Sterile CSF was collected from 
patients between day 1 and 14 after trauma and from controls and 
immediately frozen until measurement of caspase-3 activity (p.M/min). 



TBI. Undetectable caspase-3 activity in the circulation 
excludes secondary migration of caspase-3 through the 
blood-brain barrier. The identification of the mode of 
death in human TBI has been complicated by the fact that 
only post mortem material can be used where the mecha- 
nisms of death are difficult to study. Since the only form 
of cell death associated with caspase-3 activation is apop- 
tosis (Leist and Jaattela, 2001), the observation of in- 
creased activity of this protease in CSF of patients adds 
further evidence for the contribution of apoptosis to TBI. 
Thus, our results refute arguments that caspase-3 detected 
in post-mortem brain tissues from patients with TBI were a 
post-mortem artifact (Love et al., 2000). 

Sampling of CSF has been used frequentiy as a mini- 
mally invasive method or readily available source to draw 
conclusions on the state of injury to the brain, and to 
obtain markers of predictive or diagnostic value/Besides 
various cytokines indicating inflammatory processes, also 
increased concentrations of the apoptosis-inducing CD95L 
have been detected (Ertel et al., 1997). This finding is now 
complemented by even closer evidence of ongoing apop- 
totic processes indicated by the release of activated cas- 
pase-3. It should be emphasized that our results do not 
allow localization or identification of specific cells under- 
going apoptosis in the injured brain or differentiation 
between active involvement of caspase-3 and its release 
due to cell death. Although preliminary, our study demon- 
strates for the first time the presence of active caspase-3 in 
CSF from patients with severe head injuries. 
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Objectives - The aim of the study was to investigate the role of ICE/ 
Caspase-1 and soluble APO-l/Fas/CD 95 receptor in amyotrophic 
lateral sclerosis patients. Material and methods - The apoptosis 
parameters were measured by enzyme-linked immunosorbent assay 
(ELISA) in serum and cerebrospinal fluid from 25 amyotrophic lateral 
sclerosis and 15 control patients. Results - There has been shown a 
significant increase of ICE/Caspase-1 level in serum, and significant 
decrease of this parameter in cerebrospinal fluid from amyotrophic 
lateral sclerosis patients. Soluble APO-l/Fas/CD 95 level in amyotrophic 
lateral sclerosis patients did not differ from the control group. There was 
no significant correlation between clinical status, duration of amyo- 
trophic lateral sclerosis, and levels of ICE/Caspase-1 and soluble APO-1/ 
Fas/CD 95. Conclusion - Our study suggests that ICE/Caspase-1 may 
play a role in neurodegeneration in ALS. Due to ethical difficulties we 
cannot include patients suffering from progressive neurological diseases, 
who are a more appropriate control group for the amyotrophic lateral 
sclerosis patients. Therefore we are limited in drawing conclusions from 
the research. 
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It has been suggested that apoptosis may play a role 
in the mechanism of neurodegeneration in amyo- 
trophic lateral sclerosis (ALS) (1). Interleukin- ip 
converting enzyme/Caspase-1 (ICE/Caspase-1) is a 
cysteine protease that shares sequence homology 
with the protein product of ced-3, the gene 
responsible for cell death of the Caenorhabditis 
elegans. Its homology initiated studies about the 
role of ICE/Caspase-1 in apoptosis (2, 3). The 
activation of caspases appears to play a key role in 
this process (4). APO-l/Fas/CD 95, a member of the 
tumor necrosis factor receptor superfamily, is a 
transmembranous protein that can transduce cell 
death signals via a proteolytic cascade upon cross- 
linking or ligand binding (5, 6). Soluble APO-l/Fas/ 
CD 95 (s APO-1 /Fas/CD 95) is able to protect cells 



from Fas-mediated apoptosis (7). Triggering of CD 
95 rapidly stimulates the proteolytic activity of ICE. 
Overexpression of ICE potentiates Fas-mediated 
cell death (8, 9). Determination of apoptotic 
parameters could help to explain the mechanism 
of neurodegeneration in ALS. 



Material and methods 

Twenty-five patients with clinically definite ALS 
were studied. ALS was recognized on the basis of El 
Escorial Criteria WFN of ALS (10). The mean 
duration of the disease was 1.4 years (range 3 
months-4 years). According to Munsat, the ALS 
Health State Scale (11), the patients were divided 
into 4 groups: mild, moderate, severe and terminal, 
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and into 3 groups in dependence on time of ALS 
duration. Group characteristics are summarized in 
Table 1. 

The control group consisted of 15 patients (8 
males/7 females) with lumbosacral disc disease. The 
mean age was 55 years (range 32-69). Blood and 
cerebrospinal fluid were taken for examination from 
the patients of the control group during diagnosis. 
The cerebrospinal fluid was collected from a lumbar 
puncture performed on radiculography. Lumbo- 
sacral disc disease was confirmed by means of 
computer tomography or magnetic resonance ima- 
ging. The history, neurological examination and 
additional tests (biochemical test of blood serum, 
urine analysis, general examination of the cerebro- 
spinal fluid, X-ray of the chest) allowed us to exclude 
other diseases which could affect the levels of ICE and 
sAPO-1. 

The measurements were performed one time in 
serum and cerebrospinal fluid (CSF) from ALS and 
control group patients. The study was approved by 
the ethics committee of the Lublin Medical School. 

Clinical samples were kept at 2-8°C and cen- 
trifuged rapidly before storing at — 20°C to avoid 
loss of bioactive sAPO-1 and ICE. ICE and sAPO-1 
levels were measured by sandwich enzyme-linked 
immunosorbent assay (ELISA) (12) using the 
sAPO-l/Fas ELISA and IL-ip converting enzyme 
(ICE/Caspase-1) ELISA (human kits from Bender 
MedSystems Diagnostics GmbH). Sensitivity of 
sAPO-l/Fas ELISA method was 20 pg/ml, and 
ICE/Caspase-1 ELISA method - 5 pg/ml. 

For statistical analysis the Mann-Whitney £/- 
test, ANOVA procedure (Kruskal-Wallis test), and 
Spearman rank correlation were used. P values 
<0.05 were considered significant. 



Results 

The mean ICE level from serum of ALS patients 
was significantly higher than controls (7* < 0.05), 
however the mean ICE level from CSF of ALS 
patients was significantly lower than controls 

Table 1. Characteristics of ALS patients 



Table 2. Comparative analysis of Caspase-1 and sAPO-1 levels (pg/ml) in ALS 
patients with controls 



Number of patients 
Male/female 
Age of patients 

Munsat the ALS Health State Scale 
Mild 

Moderate 
Severe 
Terminal 
Time of ALS duration 
months 
7-24 months 
25-48 months 



25 
13/12 
57 (34-77) 



Parameter 


ALS patients 


Controls 


P 


ICE in serum 


89.3 SD 33.1 


56.0 SD 14.5 


0.0002* 


ICE in CSF 


6.36 SD 4.55 


16.4 SD 9.9 


0.0027* 


sAPO-1 in serum 


1781.6 SD 702.6 


1530.2 SD 431.3 


0.605 


sAPO-1 in CSF 


188.2 SD 36.0 


184.6 SD 28.6 


0.730 



Mann-Whitney (Atest. * /><0.05 statistical significance versus control group. 

(P<0.05). sAPO-1 levels in serum and CSF of 
ALS patients did not differ significantly from 
controls (P > 0.05) (Table 2). 

The study has shown that ICE and sAPO-1 levels 
in serum of ALS patients had a tendency to increase 
with the time of ALS duration. ICE in CSF of ALS 
patients has been increasing with the time of 
duration of ALS and with the advance of the 
disease, but it has been decreasing in the groups of 
patients with terminal clinical status and with the 
longest time of ALS duration. Statistical analysis 
showed that there was no significant correlation 
between clinical status, time of ALS duration, and 
levels of ICE and sAPO-1. The clinical status of 
patients and time of duration of the disease did not 
influence significantly ICE and sAPO-1 levels in 
serum and CSF of ALS patients (P>0.05) 
(Table 3). 



Discussion 

Experimental research conducted with the model of 
a transgenic SOD 1 mutant mouse and in vitro 
suggests that apoptosis may play a role in the 
process of the death of neurons in ALS. The 
mutations in Cu/Zn superoxide dismutase 1 (SOD- 
1) have a significant role in the pathogenesis of ALS 
(13). Pasinelli et al. (14) showed increased activity of 
ICE in motoneurons limits with expression of 
mutated SOD-1. ICE is activated by xanthine/ 
xanthine oxidase which increases production and 
secretion of pro-interleukin 1 0. Activation of ICE in 
SOD-1 transgenic mouse, causes changes character- 
istic of apoptosis process in the spinal cord area. 

Table 3. Relationship of Caspase-1 and sAPO-1 levels [pg/ml) with clinical status 
and time of ALS duration 



Clinical status 



ALS duration 



9 
10 
6 



Parameter 


H 


P 


H 


P 


ICE in serum 


0.49 


0.93 


0.69 


0.70 


ICE in CSF 


2.17 


0.53 


2.54 


0.28 


sAPO-1 in serum 


0.81 


0.84 


1.30 


0.52 


sAPO-1 in CSF 


0.43 


0.93 


1.77 


0.41 


H: value of Kruskal-Wallis test. P<0.05 statistical significance. 
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APO-1 can mediate cytotoxicity, and play a role 
in cell survival in the immune system and in the 
nervous system. It is presumed that in neurodegen- 
erative diseases, among others, in ALS increased 
expression of CD 95-CD 95L on glial cells may lead 
to apoptosis (15). De la Monte et al. (16) state that 
death cell mechanism dependent on Fas receptor 
may be important in ALS. APO-1 expression 
increase and nuclear DNA fragmentation were 
shown in the motor cortex and spinal ventral horns 
in ALS. 

Gamen et al. (17) reported that caspases play the 
leading role in apoptosis depending on Fas receptor. 
Activation of caspases takes place under the influence 
of the adapter protein Fas-associated death domain 
(FADD), as the outcome of Fas receptor stimulation 
by its ligand (18). This process leads to mitochondrial 
transmembrane potential damage. It was shown that 
Caspase-1 -treated mitochondria release an apopto- 
sis-inducing factor causing DNA fragmentation (19). 

Caspases play an important role in the process of 
neurodegeneration of SOD- 1 transgenic mice, which 
suggests that caspases inhibition may play a protec- 
tive role in ALS. Intracerebroventricular adminis- 
tration of VAD-fmk, a caspase inhibitor, delays ALS 
onset and mortality (20). Milligan et al. (21) reported 
that peptide inhibitors of ICE proteases prevent 
apoptosis in motoneurons in vivo and in vitro. ICE- 
like proteases might affect disease progression in 
ALS mouse model and suggest that ICE inhibitors 
may be a useful treatment for ALS (22). 

Vercammen et al. (23) demonstrated the existence 
of two different pathways originating from the Fas 
receptor. If one pathway is blocked by caspase 
inhibitors, a second leads to necrosis and oxygen 
radical production. That is why in ALS a combined 
therapy which influences different potential neuro- 
degeneration mechanisms is most recommended. 

Our study suggests that ICE may be considered 
when we deal with the case of the death of neurons in 
ALS. There are no essential differences in the levels of 
s APO-1 in blood serum and in the cerebrospinal fluid 
of the ALS patients in comparison with the control 
group, but we cannot exclude that sAPO-1 receptor 
may play a role in the pathomechanism of the disease. 
No significant correlation has been found between 
the levels of the apoptosis parameters and the 
duration of the disease and the clinical state of the 
patients. It is difficult to interpret the findings and the 
conclusions are limited. We could not include into the 
control group the patients with other progressive 
neurological conditions. Due to ethical reasons we 
did not take the cerebrospinal fluid from them. The 
control group consisted of patients with lumbosacral 
disc disease, in whose case it was possible to take the 
cerebrospinal fluid during examination. In view of 
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the fact that there is not a more appropriate control 
group for the ALS patients, which would be patients 
with progressive neurological diseases, it is difficult to 
say whether the findings are specific of ALS. The 
conclusions are also limited by a very small number of 
patients who took part in the research. Therefore if 
we want to know the potential mechanisms of the 
death of neurons in ALS we need further research. 
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Caspase-1 Regulates the Inflammatory Process Leading to 
Autoimmune Demyelination 1 

Roberto Furlan,* Gianvito Martino, 2 * + Francesca Galbiati,* Pietro L. Poliani,* 

Simona Smiroldo,* Alessendra Bergami,* Gaetano Desina,* § Giancarlo Comi, + Richard Flavell, 11 

Michael S. Su," and Luciano Adorini* 

T cell-mediated inflammation is considered to play a key role in the pathogenic mechanisms sustaining multiple sclerosis (MS). 
Caspase-1, formerly designated IL-10-converting enzyme, is crucially involved in immune-mediated inflammation because of its 
pivotal role in regulating the cellular export of IL-10 and IL-18. We studied the role of caspase-1 in experimental autoimmune 
encephalomyelitis (EAE), the animal model for MS. Caspase-1 is transcriptionally induced during EAE, and its levels correlate 
with the clinical course and transcription rate of proinflammatory cytokines such as TNF-a, IL-10, IFN-y, and IL-6. A reduction 
of EAE incidence and severity is observed in caspase-1 -deficient mice, depending on the immunogenicity and on the amount of the 
encephalitogenic myelin oligodendrocyte glycoprotein (MOG) peptide used. In caspase-l-deficient mice, reduced EAE incidence 
correlates with defective development of anti-MOG IFN- y-producing Thl cells. Finally, pharmacological blockade of caspase-1 in 
Biozzi AB/H mice, immunized with spinal cord homogenate or MOG 35 _ 55 peptide, by the caspase-1 -inhibitor Z-Val-Ala-DL-Asp- 
fluoromethylketone, significantly reduces EAE incidence in a preventive but not in a therapeutic protocol. These results indicate 
that caspase-1 plays an important role in the early stage of the immune-mediated inflammatory process leading to EAE, thus 
representing a possible therapeutic target in the acute phase of relapsing remitting MS. The Journal of Immunology, 1999, 163: 
2403-2409. 



The caspase family comprises thus far 13 different cysteine 
proteases that are mainly involved in the apoptotic path- 
way (1). Among them, caspase-1, formerly named 1L-1/3- 
converting enzyme, which is activated by caspase-1 1 -mediated 
proteolytic cleavage (2), is less involved in the apoptotic cascade 
but is prominent in inflammation because of its pivotal role in 
regulating the cellular export of proinflammatory cytokines such as 
IL-1/3. Caspase-1 is elevated in intestinal macrophages during in- 
flammatory bowel disease (3) and in a variety of organs, including 
the brain, in response to bacterial LPS administration (4). Further 
evidence on the role played by caspase-1 in inflammation comes 
from studies on caspase-l-deficient (-/-) mice and caspase-1 
pharmacological inhibitors. Caspase- 1 _/ ~ mice display an alter- 
ation in the export of several proinflammatory cytokines, namely 
IL-1/3, IL-la, IL-6, and TNF-a, although neither IL-la nor IL-6 
nor TNF-a are substrates for caspase-1 (5). Furthermore, 
caspase-1 proteolytically activates IL-18, and caspase-1 mice 
have also reduced serum levels of IL-18 and IFN-y in response to 
LPS administration (6). Caspase- 1~'~ mice are resistant to LPS- 
induced endotoxic shock (7) and to the induction of experimental 
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pancreatitis (8). In vivo pharmacological inhibition of caspase-1 
protects mice from TNF-a-induced liver failure (9) and collagen- 
induced arthritis (10). 

MS 3 is an immune-mediated demyelinating disease of the CNS 
of unknown etiology (11). The pathological hallmark of the dis- 
ease is the presence within the CNS of inflammatory infiltrates 
containing few autoreactive T cells and many pathogenic nonspe- 
cific mononuclear cells (12). It is currently believed that Ag-spe- 
cific T cells provide the organ specificity of the pathogenic process 
and regulate the recirculation within the CNS of activated mono- 
nuclear cells releasing inflammatory myelinotoxic substances. 
These latter cells can be activated in the periphery by polyclonal 
inflammatory stimuli, thus determining disease recurrence (12, 
13). Proinflammatory cytokines participate either in Ag-specific T 
cell activation or in peripheral activation of nonspecific mononu- 
clear cells. TNF-a, IFN-y, and IL-6 levels increase before disease 
relapses (13, 14). An increased number of disease relapses was 
observed in MS patients treated with IFN-y (15). Moreover, 
TNF-a, IFN-y, and IL-1/3 are present in demyelinating plaques 
(16), and IL-1/3 has been shown to be a mediator of the inflam- 
matory process sustaining EAE, the animal model for MS (17). 

We evaluated the role of caspase-1 in EAE. We found that 
caspase-1 mRNA blood levels parallel those of proinflammatory 
cytokines, such as IL-1/3, IL-6, TNF-a, and IFN-y, during EAE 
and peak at the time of maximal EAE severity. A reduction of EAE 
incidence and severity was observed in caspase-1 " /_ mice de- 
pending on the immunogenicity and on the amount of the enceph- 
alitogenic MOG peptide used. Finally, pharmacological blockade 
of caspase-1 reduced the incidence of EAE, induced either with 
SCH or MOG 35 _ 55 peptide, in a preventive but not therapeutic 



3 Abbreviations used in this paper: MS, multiple sclerosis; EAE, experimental auto- 
immune encephalomyelitis; MOG, myelin oligodendrocyte glycoprotein; SCH, spinal 
cord homogenate; AU, arbitrary units; p.i., postimmunization. 
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protocol. These results indicate that caspase-1 plays an important 
role in the immune-mediated pathogenic events leading to EAE 
and might represent a suitable therapeutic target of the active phase 
of the immune-mediated inflammatory demyelination. 

Materials and Methods 

Mice and immunizations 

Female Biozzi AB/H mice, 4-6 wk old, were purchased from Harlan U.K. 
(Blackthorn, U.K.). Female C57BL/6 mice, 4-6 wk old were obtained by 
Charles River (Calco, Italy). Female (SV129 X C57BU6)F, mice, here- 
after designated (SV129 X B6)F„ 4-6 wk old, were obtained by The 
Jackson Laboratory (Bar Harbor, ME). Caspase-1"'" mice had been ob- 
tained as previously described (5). Briefly, chimeric mice were obtained by 
injection of embryonic stem cells, in which the caspase-1 gene was dis- 
rupted and replaced with a neomycin resistance gene cassette, into 
C57B176 blastocysts. The chimeric males were tiien mated with CB57BL/6 
mice. Homozygous mice with two copies of the disrupted caspase-1 gene 
were identified by Southern blot of genomic DNA, and the absence of 
caspase-1 mRNA in caspase-1 "'" mice was confirmed by RT-PCR anal- 
ysis. Homozygous mice were then interbred and used for the experiments. 

AH animals were housed in specific pathogen-free conditions and 
treated according to the guidelines of the Animal Ethical Committee of our 
Institute. Mice were immunized with IFA (Difco, Detroit, MI) supple- 
mented with 4 mg/ml Mycobacterium tuberculosis (strain H37Ra; Difco) 
and MOG 35 _55 (Multiple Peptide Systems, San Diego, CA), MOG^s 
(Roche Milano Ricerche, Milan, Italy), or SCH from Biozzi AB/H mice. 
Two immunization schedules were used for peptides: a single injection of 
200 /xg or two injections of 300 i*g peptide 7 days apart. For SCH immu- 
nization, 1 mg of Ag was given twice, at days 0 and 7. All injections were 
followed by i.p. administration of 500 ng pertussis toxin (Sigma, St. Louis, 
MI) the same day and 48 h later. Body weight and clinical score 
(0 = healthy, 1 = flaccid tail, 2 = ataxia and/or paresis of hind limbs, 3 = 
paralysis of hind limbs and/or paresis of forelimbs, 4 = tetraparalysis, 5 = 
moribund or death) were recorded daily. 

Miniosmotic pumps 

Miniosmotic pumps (Alzet 2001, Alza, Palo Alto, CA) were implanted s.c. 
in the dorsal flank of mice. The mean fill volume of pumps was —220 /il, 
and the mean pumping rate was ~1 jtl/h, delivering continuously for ~ 10 
days. Pumps were filled with 50 mg/ml of the caspase-1 inhibitor Z-Val- 
Ala-DL-Asp-fluoromethylketone (Bachem, Bubendorf, Switzerland) ob- 
taining a delivery of 1.2 mg/day. Pumps were implanted 1 day before 
immunization (preventive protocol) or 1 week after (therapeutic protocol). 
Dosage of Z-Val-Ala-DL-Asp-fluoromethylketone has been deducted from 
previous reports showing that in vivo administration of 25-50 mg/kg of 
specific caspase-1 inhibitors (i.e., Z-Val-Ala-DL-Asp-fluoromethylketone, 
VE 13.045) completely inhibits caspase-1 enzymatic activity for several 
days (18, 19). 

Semiquantitative RT-PCR for cytokines 

Blood samples were obtained from mice by tail bleeding every week. RNA 
was recovered from these samples in guanidinium thiocyanate by acid 
phenol extraction. A T-primed first strand kit was used for the reverse 
transcription of total RNA into cDNA (Ready-to-go kit, Pharmacia, Upp- 
sala, Sweden). PCR amplification (30 cycles: 1 min 95°C, 1 min 55°C, 1 
min 72°C) of cDNA sequences specific for caspase-1 and cytokines was 
performed using 20 pmol of each primer, 200 mM concentrations of each 
dNTP, 25 mM KC1, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , and 2.5 U 
Taq polymerase. Amplified PCR products were hybridized with the spe- 
cific 32 P-labeled oligonucleotide probe (caspase-1 and cytokines) or P- 
labeled probe obtained from a plasmid containing the mouse GAPDH 
cDNA, followed by analysis on a Phosphorlmager (Molecular Dynamics, 
Sunnyvale, CA; Image Quant Software, version 3.3). Values were normal- 
ized against the GAPDH gene. For interanimal comparisons, the normal- 
ized intensities were further corrected with the use of the normalized in- 
tensities of the bands resulting from RT-PCR amplification of a cDNA 
derived from mouse LPS-activated splenocytes (positive control). The follow- 
ing primers and probes were used: caspase-1 (product: 343 bp), antisense 
5'-GTGTTGAAGAGCAGAAAGCA-3', sense 5 ' -GAG ATG GTG AAA 
GAGGTGAA-3', probe 5 '-TGAAAG ACAAGCCCAAGG TG-3' ; IL-1/3 
(product 563 bp), antisense 5 '-CAGG ACAGGTATAG ATTCTTTCCTTT- 
3', sense 5 '-ATGGCAACTGTTCCTG A ACTCA ACT-3 ' , probe 5'- 
AGCTTTCAGCTCATATGGGTCCGACAGCAC-3'; IL-6 (product: 634 
bp), antisense 5'-CACTAGGTTTGCCGAGTAGATCTC-3', sense 5'- 
ATG A AGTTCCTCTCTGC AAG AG ACT-3 ' , probe 5'-CTCCAGAAGAC 



CAG AGG AAATTTCAATAG-3 ' ; TNF-a (product: 373 bp), antisense 5'- 
GTATGAGATAGCAAATGCGCTGACGGTGTGGG-3', sense 5'-TTCTG 
TCTACTGAACTTCGGGGTGATCGGTCC-3', probe 5'-GCCGTTGGC 
CAGGAGGGCGTTGGCGCGCTG-3'; IFN-7 (product: 450 bp), antisense 
5'-ACACTGCATCiTGGCTiTGC-3', sense 5 '-CGACTCCITTTCCGCT 
TCCT-3', probe 5'-TTOTCAGCAACAGCAAGGC-3'; GAPDH (product: 
710 bp), antisense 5'-CGCATCTTCTTGTGCAGTG-3'; sense 5'-GT 
TCAGCTCTGGG ATG AC-3 ' . RT-PCR results were expressed as fold induc- 
tion of AU from basal levels. 

Ag -specific proliferation assays 

For T cell proliferation assays, draining lymph nodes were removed, and 
4 X 10 5 lymph node cells per well were cultured in 96-well culture plates 
(Costar, Cambridge, MA) in synthetic HL-1 medium (Ventrex Laborato- 
ries, Portland, ME) supplemented with 2 mM L-glutamine and 50 /xg/ml 
gentamicin (Sigma, St. Louis, MO) and serial concentrations (1, 3, 10 jiM) 
of MOG4o_ 55 peptide. Cultures were incubated for 3 days in 5% C0 2 in air 
and pulsed 8 h before harvesting with 1 ptCi [ 3 H]TdR (40 Ci/nmol, Phar- 
macia Biotech, Amersham, Cologno Monzese, Italy). Incorporation of 
[ 3 H]TdR was measured by liquid scintillation spectrometry. 

Intracytoplasmatic staining for cytokine production 

Lymph node cells (6 X 10 5 cells/well) were cultured in 96-well culture 
plates in synthetic HL-1 medium with 10 yM MOG^^. After 72 h of 
culture cells were harvested, washed, and recultured for additional 72 h in 
RPMI 1640 supplemented with 2 mM L-glutamine, 50 jig/ml gentamicin, 
50 /xM 2-ME (Fluka Chemical, Ronkonkoma, NY), and 10% FCS (Sigma). 
After culture, living cells separated on a Ficoll gradient were restimulated 
with PMA (1 /xg/ml) and ionomycin (50 ng/ml) for 4 h at 37°C, with 10 
/ig/ml brefeldin A (Novartis, Basel, Switzerland) added for the last 2 h to 
prevent egress of newly synthesized proteins from the endoplasmic retic- 
ulum. After fixation with 4% paraformaldehyde for 20 min at room tem- 
perature, cells were stained for IFN-7 and IL-4 using the method of Open- 
shaw et al. (20) and Galbiati et al. (21). Cells were washed, preincubated 
for 10 min with PBS/FCS/saponin, and then incubated with FTTC rat anti- 
mouse IFN-7 (XMG1.2, PharMingen, San Diego, CA) and PE rat anti- 
mouse IL-4 (1 1B1 1, PharMingen) or with isotype controls FTTC- and PE- 
labeled rat IgGl, k (R3-34, PharMingen). After 30 min, cells were washed 
twice with PBS/FCS/saponin and then with PBS containing 5% of FCS 
without saponin to allow membrane closure. Cell membranes were men 
stained with Cy-Chrome-labeled anti-CD4 (L3T4, PharMingen) for 15 min 
at room temperature. Analysis was performed with a FACScan flow cy- 
tometer (Becton Dickinson, Mountain View, CA) equipped with CellQuest 
software, and 50,000 events were acquired. 

EL1SA for IFN-y secretion 

IFN-y was quantified by two-sites sandwich ELISA using polyvinyl mi- 
croliter plates (Falcon 3012) coated with AN-18.17.24 mAb in carbonate 
buffer as previously described (21). Samples (50 /ml/well) diluted in test 
solution (PBS containing 5% FCS and 1 g/1 phenol) were incubated to- 
gether with 50 jaI peroxidase-conjugated XMG1.2 mAb. After overnight 
incubation at room temperature, bound peroxidase was detected by 
3,3',5,5'-tetramethyIbenzidine (Fluka Chemical), and adsorbance was read 
at 450 nm with an automated microplate ELISA reader (MR5000, Dyna- 
tech Laboratories, Chantilly, VA). IFN-7 was quantified from two to three 
titration points using standard curves generated by purified recombinant 
mouse IFN-7, and results were expressed as cytokine concentration in 
ng/ml. Detection limit was 15 pg/ml. 

Neuropathological features in EAE mice 

At the time of sacrifice, mice were transcardially perfused with 4% para- 
formaldehyde. Brains and spinal cords were removed and postfixed in the 
same fixative for 2-4 h, washed in PBS, and then embedded in paraffin. 
Tissue sections were cut at 4 /i,m on a microtome and stained for histo- 
logical examination. Hematoxylin and eosin staining was used to reveal 
perivascular inflammatory infiltrates, Luxol Fast Blue staining was used to 
reveal demyelinated areas, and Bielshowsky staining was used to detect 
axonal loss. Macrophages were stained using peroxidase-labeled BS-I 
isolectin B4 (Sigma), whereas T cells using a rat anti-CD3 Ab (pan-T cell 
marker; Serotec Ltd, Oxoford, U.K.) revealed using a biotin-labeled sec- 
ondary anti-rat Ab (Amersham). Neuropathological findings were quanti- 
fied on an average of 10 complete cross-sections of spinal cord per mouse. 
The number of perivascular inflammatory infiltrates was calculated and 
expressed as the numbers of inflammatory infiltrates per mm 2 , whereas 
demyelinated areas and axonal loss were expressed as the percentage of 
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FIGURE 1. Caspase-1 and proinflammatory cytokine mRNAs are up- 
regulated during the course of EAE in blood from C57BL/6 mice immu- 
nized with 200 /xg of MOG4o_ 55 . A, Caspase-1 mRNA levels. B, mRNA 
levels of IL-1/3 (□), IL-6 P), IFN-y (■), and TNF-a (U) from Uie same 
mice. mRNA levels were measured by a semiquantitative RT-PCR on 
blood samples obtained from the tail vein of mice once a week. mRNA 
levels have been normalized against GAPDH mRNA levels and expressed 
as fold induction (AU increase over basal level recorded 7 days p.i.). Blood 
samples were obtained every week after immunization as indicated on 
x-axis. C, Clinical course of EAE in blood donors (n = 12 mice). Each 
circle represents the mean EAE score registered. Bars represent the SE. 



damaged area per mm 2 (22). T cells and macrophages were counted and 
expressed as the number of cells per mm 2 . 

Statistical analysis 

Data are expressed as mean ± SE. Student's t test for unpaired data was 
used to compare cytokine and caspase-1 mRNA levels and the cytokine 
protein levels. EAE cumulative score was calculated by summing up each 
individual score registered in any group of mice studied during the fol- 
low-up period levels. Comparison between cumulative scores was per- 
formed using Student's t test. A x 2 test was used to compare EAE inci- 
dence in the different groups of mice, p < 0.05 was considered significant. 

Results 

Caspase-1 mRNA is up-regulated in the course of EAE 

C57BL/6 mice immunized with MOG^ss were bled once a week 
for 5 weeks after immunization. RT-PCR was performed on blood 
samples to determine caspase-1, IL-1/3, IL-6, TNF-a, and IFN-7 
mRNA levels. Caspase-1 mRNA levels increased almost 8-fold 
(Fig. \A) during EAE from basal levels recorded at day 7 p.i. This 
increase paralleled disease severity, peaking 4 wk p.i. (day 27 p.i., 
52.9 ± 16.8 AU; p = 0.01 vs day 7 p.i.) (Fig. \A) when EAE 
clinical score reached its maximum (Fig. 1Q. Caspase-1 mRNA 
level increase paralleled that of the caspase-1 substrate IL-1/3, 
which showed a 2-fold increase (day 27 p.i., 3.3 ± 0.9 AU; p = 
0.03 vs day 7 p.i.) (Fig. IB); IL-6 mRNA increased almost 8-fold 
(day 27 p.i., 15.4 ± 7.6 AU; p = 0.04) (Fig. IB); TNF-a mRNA 
increased almost 3-fold (day 27 p.i., 12.2 ± 5.4; p = n.s. vs day 
7 p.i.) (Fig. IB), and IFN-y mRNA 4-fold (day 27 p.i., 1.6 ± 0.5 
AU; p = 0.02 vs day 7 p.i.) (Fig. \B). These data indicate that 
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FIGURE 2. Clinical course of EAE in MOG peptide-immunized 
(SV129 X B6)F„ caspase-1"'", and C57BL/6 mice. In caspase-1"'" mice, 
the EAE course and severity varies depending on the amount and length of 
the MOG peptide used. A, EAE immunization protocol with 200 /xg 
MOG 35 _ 55 in (SV129 X B6)F„ C57BL/6, and caspase-1 _/ " mice. 
Caspase-1 ~'~ mice are susceptible to EAE induction but develop a less 
severe disease than control mice. B, EAE immunization protocol with 200 
or 600 /ig MOG40.55 in C57BL/6 (■ = 200 jig MOG^-ss) and caspase- 
l _/ ~ mice (O = 200 /ig MOG 40.55; • = 600 MOG^j). Immuni- 
zation of caspase-1 _/ ~ mice with the low amount (200 /xg) of the shorter 
peptide (MOG40.55) does not lead to EAE development. Irrespective of the 
dose of MOG4o_ 55 used, C57BL/6 mice always show a more severe EAE 
than do caspase-1 _/ ~ mice. 



caspase-1 is up-regulated at the transcriptional level during the- 
course of EAE and that this up-regulation parallels that of proin- 
flammatory cytokines such as IL-1/3, IFN-y, TNF-a, and IL-6. 

Caspase-1 mice are less susceptible to EAE induction 

To further explore the role of caspase-1 in EAE, we studied the 
susceptibility of caspase-1" 7 " mice to MOG peptide-induced 
EAE. We first analyzed EAE susceptibility of (SV129 X B6)F! 
and C57BL/6 mice, which have a genetic background comparable 
with that of the caspase-1 _/ ~ mice using 200 /xg of MOG 35 _ 55 . 
The two groups of mice showed similar disease courses (Fig. 2A, 
Table I) confirming results previously reported (23). 

To analyze EAE susceptibility in caspase-1 " /_ mice, we used 
two different amounts (200 /xg once or 300 /ig twice, 7 days apart) 
of two MOG overlapping peptides (MOG 35 _ 35 and MOG^.^). 
MOG peptides were chosen because of their previously described 
difference in immunogenicity and encephalitogenicity in C57BL/6 
mice (24). Low dose immunization (200 /xg) with MOG^.^ 
failed to induce EAE in caspase-1 "'" mice (0 of 12 sick animals) 
compared with C57B176 mice (11 of 12) (p < 0.0001) (Fig. 2B y 
Table I). Caspase-1 " /_ mice developed EAE when immunized 
with the low dose (200 /tg) of MOG 35 _ 55 (Fig. 2A, Table I) or the 
high dose (600 /xg) of MOG^.^ (Fig. 25, Table I); the incidence, 
however, was lower and the onset delayed compared with 
(SV129 X B6)F, or C57BL/6 mice. Therefore, caspase-1 ~'~ mice 
are less susceptible to MOG-induced EAE compared with 
C57BL/6or (SV129 X B6)F, mice. However, caspase-1" 7 " mice 
can develop EAE when the immunogenicity of the encephalito- 
genic peptide is increased. 
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Table I. EAE in (SV129 X B6)F lf C57BU6, and caspase- r'- mice 







EAE Incidence 


cAc onset 


Maximum cac ocore 


1 VI UUjC kJ U (111 J 








(ranee}* 


(SV129 X B6)Fj 


35—55 


4/4 


20.0 ± 3.7 


1.9 ±0.6 




(200 /*g) 


(100) 


(16-31) 


(1-2.5) 


C57BL/6 


MOG« « 


6/6 


19.2 ± 3.0 


1.5 ± 0.2 




(200 ,xg) 


(100) 


(10-31) 


(1-2) 




MOG^ 


11/12 


17.3 ± 2.6 


2.0 ± 0.1 




(200 ptg) 


(92) 


(10-30) 


(1.5-2.0) 


Caspase-1 "'" 


MOG^s 


5/7 


27.8 ± 2.4 


1.8 ±0.4 




(600 p,g) c 


(71) 


(23-34) 


(1.0-3.0) 




MOG 35 _ 55 


4/7 


27.2 ± 3.9 


1.9 ±0.1 




(200 /xg) 


(57) 


(18-35) 


(1.5-2.0) 




MOG^^ 


0/12 d 


NA e 


NA 




(200 /xg) 


(0) 







a EAE onset is expressed as day post immunization ± SE. 
b EAE score is expressed as mean maximum score ± SE. 
c MOG^^ss has been administered twice 1 wk apart (300 + 300 /xg). 

d p < 0.0001 vs C57BU6 mice immunized with 200 jig MOG 40.55, p = 0.03 and p = 0.006 vs caspase- 1~'~ mice 
immunized with 200 jig MOG 35 _ 35 or 600 fig MOG^^, respectively. 
* NA, not applicable. 



Inhibition of the Thl response in caspase- 1 -deficient mice 

To elucidate the possible causes of reduced susceptibility of 
caspase-1 _/ ~ mice to EAE, we analyzed mice immunized with 
200 /xg of MOG4o_ 55 peptide in which the most striking difference 
between caspase- 1 _/ ~ and C57BL/6 was observed (Fig. 2£, Table 
I). Five caspase- 1 -/ ~ mice and 5 C57BL/6 mice were sacrificed 10 
days after immumzation with MOG^.^, and cells from the drain- 
ing lymph nodes were obtained. Proliferation assays to MOG 40 _ 55 
showed no impairment in the responsiveness of T cells from 
caspase- 1~ /_ compared with C57BL/6 mice (Fig. 3A). We de- 
tected, however, decreased levels of IFN-7 secreted in the super- 
natant of MOG^.ss restimulated cells (Fig. 3B) from caspase- 
compared with C57BL/6 mice (p = 0.01). Intracytoplasmic 
staining for IFN-v and IL-4 of MOG^.^-restimulated cells 
showed reduced IFN-y-producing cells and no induction of IL-4- 
producing cells (Fig. 3, C-E). These results suggest that cells from 
caspase- 1~ /_ mice efficiently present the encephalitogenic peptide 
to T cells but are defective in Thl development. 



Caspase-1 inhibitor administration prevents but does not 
treat EAE 

Pharmacological blockade of EAE with caspase-1 inhibitors was 
tested in Biozzi AB/H mice immunized with SCH or MOG 35 _ 55 . In 
Biozzi mice, SCH induces a very aggressive relapsing-remitting 
EAE (25), whereas MOG 35 _ 55 induces a more chronic progressive 
disease. We administered vehicle or Z-Val-Ala-DL-Asp-fluo- 
romethylketone, a highly specific, cell-permeable, and irreversible 
inhibitor of caspase-1 -like proteases (26) to Biozzi mice before 
immunization with SCH or MOG 35 _ 55 . Because this caspase-1 in- 
hibitor is a peptide with a very short half-life in vivo, we implanted 
s.c. mini-osmotic pumps able to continuously release the inhibitor 
for 10 days. Continuous administration of the caspase-1 inhibitor 
induced a clearcut suppression of either SCH-induced or MOG 35 _ 
55-induced EAE compared with vehicle-treated mice (Table II). 
The cumulative EAE score, representing the disease burden, was 
significantly lower in caspase-1 inhibitor-treated mice than in 
vehicle-treated mice in both immunization protocols (Table II). 



FIGURE 3. Reduced Thl cell development in 
caspase-1"'" mice immunized with 200 /xg of 



MOG4, 



A, Proliferation of draining lymph 



nodes cells from caspase- 1 -/ ~ (O) and C57BL/6 
(•) mice restimulated in vitro with the indicated 
concentrations of MOG^^. The background cpm 
values were subtracted (A cpm). B, IFN-y levels 
(±SE) in supernatants from cell cultures from 
caspase- 1 _/ ~ (O) and C57BL/6 (•) in response to 
the indicated concentrations of MOG4o_ 55 . C, In- 
tracellular staining for IFN-7 and IL-4 of MOG^. 
55-stimulated cells from a representative C57BL/6 
mouse. D, Intracellular staining for IFN-7 and IL-4 
of MOG^.ss-stimulated cells from a representa- 
tive caspase- 1 _/ ~ mouse. In C and D, the percent- 
age of IFN-y-producing cells are reported in the 
lower right comer. In £, the percentage of IFN-y- 
producing cells from MOG^.sj-immunized 
C57BL/6 (•) and caspase-1 "'" (O) mice. Each cir- 
cle represents a single mouse, and mean values are 
indicated by the horizontal bars. Caspase 1 -/ ~ mice 
display a significant (p - 0.01) reduction of IFN-y 
production. 
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Table II. EAE in Biozzi AB/H mice immunized with SCH or MOG 35 _ 55 and treated with vehicle or the 
caspase-1 inhibitor Z-Val-Ala-DL-fluoromethylketone 





EAE Incidence 


EAE Onset 


Maximum EAE Score 


Cumulative Score 


Trpatmpnt Srheriule 0 


(%) 


(range)* 




(days of follow-up)'' 


MOG 3 5_ 55 (preventive) 










Vehicle 


sn 


22.4 ± 2.9 


2.1 ± 0.5 


89.5 




(71) 


(16-30) 


(1-4) 


(40) 


Caspase-1 inhibitor 


2/7 


23.5 ± 5.5 


2.2 ± 1.2 


32 


(29) 


(18-29) 


(1-3.5) 


(40) 


SCH (preventive) 










Vehicle 


10/10 


14.2 ± 0.5 


3.7 ± 0.2 


282 




(100) 


(12-16) 


(1.5-5.0) 


(25) 


Caspase-1 inhibitor 


4/l(T 


15.0 ± 0.7 


3.6 ± 0.4 


82^ 




(40) 


(13-16) 


(2.5^.0) 


(25) 


SCH (therapeutic) 










Vehicle 


10/10 


14.5 ± 0.6 


3.8 ± 0.3 


NA* 




(100) 


(13-19) 


(1.5-5.0) 




Caspase-1 inhibitor 


9/10 


14.3 ± 0.3 


3.0 ± 0.3 


NA 


(90) 


(13-16) 


(1.5-4.0) 





° Treatment was performed by implantation of mini-osmotic pumps releasing for 10 days vehicle or the caspase-1 inhibitor 
Z-Val-Ala-DL-fluoromethylketone (1.2 mg/day) from the day before immunization (preventive) or day 7 (therapeutic) after 
immunization. 

b EAE onset is expressed as day post immunization ± SE. 
c EAE score is expressed as mean maximum score ± SE. 

d Cumulative score was calculated by summing up each individual score registered during the follow-up period. 
e p = 0.003 vs vehicle-treated mice. 
f p = 0.0007 vs vehicle-treated mice. 

* NA, not applicable because in the therapeutic administration one mouse died during the follow-up period. 



However, the mean day of onset and the mean clinical score of sick 
animals were comparable between groups (Table II). In the SCH- 
induced group, two animals for each treatment were sacrificed for 



neuropathology examination. Animals treated with the inhibitor 
had less infiltrates per mm 2 than did vehicle-treated controls (0.4 
and 1.6 vs 6.6 and 3.1, respectively) (Fig. 4, A and B\ less demy- 



FIGURE 4. Neuropathological findings of SCH- 
induced EAE in two representative Biozzi mice 
treated with vehicle or caspase-1 inhibitor Z-Val- 
Ala-DL-Asp-fluoromethylketone, respectively. Spi- 
nal cord sections stained with hematoxylin and eo- 
sin (X5) are shown in A and B\ perivascular 
infiltrates (arrowheads) are less evident in the 
caspase-1 inhibitor-treated (A) vs vehicle-treated 
(B) mouse. Spinal cord sections stained with Luxol 
Fast Blue (X5) are shown in C and D\ demyelinated 
areas (arrowheads) are less prominent in the 
caspase-1 inhibitor-treated (C) vs vehicle-treated 
(D) mouse. Spinal cord sections stained with 
Bielshowsky staining (X5) are shown in E and F; 
axonal loss (arrowheads) is decreased in the 
caspase-1 inhibitor-treated mouse (£) vs the vehi- 
cle-treated (F) mouse. Tissue sections of each 
mouse are from the same spinal cord area and have 
been obtained serially. 
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elination (0.6% and 0.8% vs 9.8% and 2.2%, respectively) (Fig. 4, 
C and D\ reduced axonal loss (0.4% and 0.6% vs 8.3% and 1.5%, 
respectively) (Fig. 4, E and F), less infiltrating CD3 + cells/mm 2 
(39.9 and 90.5 vs 291 and 138.2, respectively), and reduced num- 
bers of infiltrating macrophages per mm 2 (21.8 and 52.5 vs 211.9 
and 84.9, respectively). 

By contrast, when the mini-osmotic pumps were implanted 7 
days p.i. in Biozzi mice immunized with SCH, EAE development 
was similar in inhibitor- and vehicle-treated mice (Table II). Only 
1 of the 10 mice treated with the inhibitor from 7 days p.i. did not 
develop a full-blown EAE. These results suggest that caspase-1 is 
crucial in the induction phase of EAE, when peripheral inflamma- 
tion leads to the recruitment of effector cells into the CNS. 

Discussion 

The central role of proinflammatory cytokines in orchestrating the 
pathogenic process leading to EAE has been extensively studied 
(27-29), but few data are thus far available on the posttranslational 
mechanisms of regulation of cytokine secretion during this exper- 
imental autoimmune CNS-confined disease. We focused our at- 
tention on the proteolytic enzyme caspase-1, because previous 
studies showed that its pharmacological inhibition or its absence 
(i.e., deletion mutant mice) mainly affects the secretion of proin- 
flammatory cytokines such as IL-lj3, IL-la, IL-6, TNF-a, IL-18, 
and IFN-7 (5-7). We found that caspase-1 transcription is up- 
regulated during mouse EAE, reaching a peak at maximal disease 
severity. This induction is higher compared with other proinflam- 
matory cytokines previously shown to be up-regulated during EAE 
(27) and is similar to that found in the Lewis rat EAE (30). These 
data suggest that proteolytic activation of proinflammatory cyto- 
kines is a crucial step in the immune-mediated process leading 
to EAE. 

Caspase-1 ~ /_ mice were susceptible to MOG peptide-induced 
EAE. Disease susceptibility was associated with the number of 
immunizations and the dose and the MHC-binding affinity of the 
encephalitogenic MOG-peptide. In our hands, MOG^.^ showed 
a 3-fold weaker binding (IC 50 = 360 pM) compared with 
MOG 35 _ 55 (IC 50 = 1 nM) to the I-A 8? molecule (data not shown). 
However, the disease induced in caspase-1 ~ /_ mice was always 
less severe then in C57BL/6 or (SV129 X B6)F X mice and did not 
develop at all when a low dose of the weaker MHC binder MOG 
peptide was used. The reduced EAE in caspase-1 -deficient mice 
was not caused by inefficient Ag presentation to T cells, as shown 
by the Ag-specific proliferation assays, but to an impairment in 
Thl cell development as indicated by the lower percentage of IFN- 
y-producing cells from caspase-1 ~'~ vs C57BL/6 mice. The most 
likely explanation of this finding possibly resides in the cleavage 
activity of caspase-1 on the precursor of IL-18 into its mature form 
(6). Although IL-18 in itself does not induce Thl cell development 
(31, 32), which is mostly driven by IL-12 (33), Thl cell develop- 
ment independent from IL-12 could be induced by the cooperative 
action of IL-18 and other factors (34). These factors may include 
IFN-y itself (35) and IL-laj3 (33). Thus, the simultaneous caspase- 
1 -dependent defect in IL-18 and IL-laj3 production could explain 
the impaired Thl development and the reduced EAE in caspase- 
1 _/ " mice. A more aggressive immunization protocol, however, is 
able to overcome this limiting step in EAE induction, likely be- 
cause other proteases may replace caspase-1 in the cleavage of 
pro-IL-10 and pro-IL-18. 

Results obtained with caspase-1 inhibitor administration are 
consistent with the lower susceptibility to EAE of caspase-1 ~ /_ 
mice. The preventive administration of the caspase-1 inhibitor 2- 
Val-Ala-DL-Asp-fluoromethylketone dramatically reduced both re- 



lapsing-remitting or chronic-progressive EAE in two different 
mouse strains. However, the small proportion (35%) of mice not 
protected from EAE by caspase-1 inhibitor treatment developed a 
clinical course of EAE indistinguishable from that of controls. As 
in inflammatory fluids other proteases (i.e., trypsin, chymotrypsin, 
elastase, granzyme A) (36) can replace caspase-1 enzymatic ac- 
tivity, an immunization protocol able to induce a potent local in- 
flammation may bypass its requirement. Nevertheless, recent data 
indicate that Z-Val-Ala-DL-Asp-fluoromethylketone is active also 
on other cysteine proteases involved in inflammatory reactions but 
not in the apoptotic cascade, such as caspases-4 and -5 (37). 

Administration of 2- Val- Ala-DL-Asp-fluoromethylketone during 
the effector phase of SCH-induced EAE (i.e., therapeutic protocol) 
had no effect on the disease course and severity. These data are 
suggestive for a crucial role played by caspase-1 in the peripheral 
activation of proinflammatory cytokines during the induction 
phase of EAE. The lack of efficacy of caspase-1 inhibitors once the 
inflammatory cascade has already determined CNS infiltration and 
damage might be also explained by the impaired blood-brain bar- 
rier crossing of caspase-1 inhibitors (26). 

In conclusion, our results indicate that caspase-1 plays a crucial 
role in the development of the immune-mediated inflammatory 
process leading to CNS demyelination. EAE development is im- 
paired in caspase-1 ~ /_ mice, although the requirement for 
caspase-1 in the inflammatory phase of EAE can be bypassed. The 
role of caspase-1 in autoimmune demyelination is further corrob- 
orated by the significant reduction of EAE incidence in mice pre- 
ventively treated with the caspase-1 -inhibitor 2- Val- Ala-DL-Asp- 
fluoromethylketone. However, the inefficacy of caspase-1 
inhibitors in blocking ongoing EAE suggests that this enzyme is 
crucial in the early phase of the inflammatory process leading to 
immune-mediated demyelination. Thus, caspase-1 could represent 
both a marker of inflammation sustaining immune-mediated de- 
myelination and a possible therapeutic target of the acute phase of 
relapsing-remitting MS. 
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Abstract 



Caspase-1 is responsible for processing inflammatory cytokines and is associated with the induction of apoptosis. Using RT-PCR, we 
found that caspase-1 mRNA transcripts from frozen brain extracts were significantly elevated in multiple sclerosis (MS) compared to 
controls. Immunohistochemical staining using a specific antiserum confirmed the marked up regulation of caspase- 1 within acute and chronic 
MS plaques, while little staining was seen in control brains. In addition to the expected caspase-1 expression in microglia and infiltrating 
perivascular mononuclear cells, we found that cytoplasmic caspase-1 expression was sharply increased in the resident oligodendrocytes of 
MS lesions. The TUNEL reaction for fragmented DNA co-localized over an occasional caspase-1 -expressing cell and large numbers of 
caspase-1 -positive "corpses" were observed within phagocytic macrophages of an acute evolving MS lesion. Studies using an immortalized 
human oligodendroglial hybrid cell line exposed to cytokine challenge showed that death induction was blocked by the caspase-1 -like 
inhibitor Z-YVAD-frnk, while the caspase-3-like inhibitor Z-DEVD-frnk was less effective. Cellular levels of procaspase-1 were reduced 
compared to controls in oligodendroglia induced to die by cytokine challenge, as judged by Western immunoblotting. Our results suggest that 
caspase-1 may play a role in the inflammatory and apoptotic processes associated with MS pathogenesis. © 2002 Elsevier Science B.V. All 
rights reserved. 
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1. Introduction 

Multiple sclerosis (MS) is a chronic inflammatory demy- 
elinating disease and its neuropathology is characterized by 
CNS white matter plaques displaying myelin loss and 
gliosis [1,2]. Inflammatory cytokines such as tumor necrosis 
factor alpha (TNF-a), interleukin-1 beta (IL-ip), and inter- 
feron-gamma (IFN-7) are upregulated in MS plaques [3], 
although the precise link between the inflammatory process 
and myelin sheath destruction is unclear. In previous inves- 
tigations on the fate of glial cells, we identified substantial 
numbers of apoptotic oligodendrocytes within developing 
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and mature MS lesions by the in situ TUNEL reaction [4,5]. 
We also found that glial cells in MS plaques often strongly 
express both Fas receptor and ligand on their plasma 
membrane surface, suggesting that the Fas death pathway 
may be active during MS lesion formation [6]. However, the 
precise molecules and intracellular pathways responsible for 
glial cell death in MS remain ill-defined. 

Caspase-1, previously named interleukin-1 £ converting 
enzyme (ICE), is a cysteine protease whose proteolytic ac- 
tivity makes it a key molecule in myriad cellular processes, 
including mediation of the inflammatory response through 
cleavage activation of IL-ip and IFN-7 promolecules. In 
addition, developmental studies in the nematode G elegans 
have shown that the caspase-1 homolog CED-3 is chief 
among the genes required to induce programmed cell death 
[7-9]. We investigated caspase-1 expression in MS white 
matter lesions and tested for its activation in response to 
death induction by cytokine stimulation on immortalized 
cultures of oligodendrocytes. 
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2. Methods 

2.1. Autopsy specimens 

This study was performed on frozen and paraffin-embed- 
ded formalin-fixed MS and control brains obtained from the 
Rocky Mountain Multiple Sclerosis Center (Englewood, 
CO), the MS Human Neurospecimen Bank (West Los 
Angeles, CA), Dr. John Prineas (UMDNJ, NJ) and St. 
Vincent's Hospital (New York, NY). The frozen control spec- 
imens (n= 14) included white matter samples from chronic 
CNS measles virus infection (subacute sclerosing panence- 
phalitis, SSPE; w = 9), cerebrovascular disease (n = 2), Par- 
kinson's disease (n = 2), and amyotrophic lateral sclerosis 
(ALS). The average postmortem interval for the MS brains 
(n = 18) was 17.8 h, and five brains were obtained within 7 h 
of death. The paraffin-embedded fixed brains consisted of 
MS (/i =11), ALS (n = 4), cerebrovascular disease, Parkin- 
son's disease, and AIDS-associated progressive multifocal 
leukoencephalopathy (PML). The disease diagnosis was 
established from patient clinical records and neuropatholog- 
ical examination. 

2.2. RT-PCR and liquid hybridization 

RNA was extracted from 500-mg fragments of frozen 
MS and control white matter by the GITC/CsCl method as 
previously described [10] A one-tube 50-ul RT-PCR reac- 
tion was performed in buffer containing 20 mM KC1, 6 mM 
MgCi 2 , 70 mM Tris-HCl (pH 8.3), 1 mM DTT, 0.1% 
gelatin, 40 U RNasin, 100 U Superscript II, and 5 U of Taq 
polymerase (Gibco, Life Technologies, Grand Island, NY). 
Total RNA (3 ug) was used as template. A 50-pmol amount 
of caspase-1 mRNA reverse primer 5' -C ATGAAC ACC AG- 
GAACGTGCTGTC-3' (position 698-722) was used for 
reverse transcription (15 min each at 37 and 42 °C), and 
an equal amount of forward primer 5' -GG AAATTACCT- 
TAATATGCAAGAC-3' (position 303-329) was used for 
PCR (50 cycles of 95, 42, and 72 °C/60 s). RT-PCR was 
performed to measure expression of glyceraldehyde-3-phos- 
phate dehydrogenase (GAPDH) as an internal control of 
cellular mRNA levels and integrity using the reverse pri- 
mer 5' -ATAGG ATCCTC AGTGTAGCCCAGG ATGC-3' 
and the forward primer 5' -ATAAAGCTTACC ATGGA- 
GAAGGCTGG-3' [11]. For detection and semiquantifica- 
tion of PCR products, oligonucleotide probes representing 
internal portions of the caspase-1 (5' -GTCGGC AG AG ATT- 
TATCCAA-3'; 430-bp product) and GAPDH (5'- 
GTGGAAGGACTC ATGACCAC AGTCC ATGCC-3' ; 508- 
bp product) amplicons were 5' -end-labeled with [ 32 P]-ATP 
using T4 polynucleotide kinase. A 1-ul aliquot of probe 
(150,000 cpm) was mixed with 20 jil of the PCR product in 
buffer containing 0.15 M NaCl and 2.5 mM EDTA, and was 
hybridized (5 min at 98 °C and 15 min at 25 °C). The 
hybridization products were analyzed by electrophoresis on 
a 3.5% agarose gel in 0.5 X TBE buffer. The gel was dried 



with a vacuum and the radioactivity of the caspase-1 and 
GAPDH mRNA bands was quantified by digital autoradiog- 
raphy and integration using a Packard Instant Imager 
(Packard, Meriden, CT). 

2.5. Caspase-1 antigen detection by immunohistochemistry 

Three-micron paraffin-embedded sections were attached 
to Vectabond treated slides (Vector Labs, Burlingame, CA) 
by heat fixation. After dewaxing and rehydration through 
graded alcohols, sections were washed in PBS, subjected 
to antigen retrieval (95 °C for 10 min) in Target Unmask- 
ing Fluid (TUF; Zymed Laboratory, South San Francisco, 
CA), and then incubated further in hot TUF for 10 min on 
the benchtop. Sections were then reacted for 2 h at room 
temperature with a rabbit polyclonal antiserum (R105, 
1:300 dilution) that recognizes both the intact procaspase 
and the cleaved forms of human caspase-1 (kindly pro- 
vided by Dr. Douglas K. Miller, Merck Research Labo- 
ratories). Staining was done as previously described [5,6] 
using standard horseradish peroxidase-conjugated avidin- 
biotin methods (ABC kit, Vector Labs) and visualized with 
the chromogen diaminobenzidine (DAB). To identify glial- 
specific antigens in caspase-1 /DAB-stained sections, multi- 
labeling with several fluorescent stains was performed. A 
goat polyclonal antibody against CNPase (a gift from Dr. 
T.J. Sprinkle of the Medical College of Georgia) was used 
to label oligodendrocytes (diluted at 1:500 and incubated 
for 1 h) and was visualized by an FITC-conjugated donkey 
anti-goat antibody (diluted at 1:600 and incubated for 30 
min). A 1-h incubation with a mouse monoclonal antibody 
against GFAP (DAKO, Carpinteria, CA) diluted to 1:25 
was used to label astrocytes and was visualized with a 
Cy3-conjugated rabbit anti-mouse antibody (1:500 dilution 
for 30 min). Finally, a biotinylated Ricinus communis 
agglutinin 1 lectin (RCA-1, Vector Labs) was used for 
macrophage/microglia (1:500 for 1 h) and was visualized 
with a Cy5-conjugated mouse anti-biotin antibody (1:500 
for 30 min). All secondary antibodies were obtained from 
Jackson Laboratories (West Grove, PA). Omission of the 
primary antibody was used to control for specificity. 
Fluorescent-labeled sections were mounted in glycerol/ 
PBS. 

2.4. In situ TUNEL detection of apoptotic cells and co- 
localization with caspase-1 

Cells containing fragmented DNA were labeled with 
digoxigenin-ll-dUTP by terminal transferase (TdT) tailing, 
and subsequently detected by immunoperoxidase staining 
(Intergen ApopTag kit, Purchase, NY) [12,13]. We previ- 
ously used a modification of this method on both fixed and 
frozen MS brain, and confirmed the specificity of this assay 
by demonstrating laddering in DNA extracted from TUNEL- 
positive frozen MS brain [5]. Immunohistochemistry for 
caspase-1 using DAB chromogen detection was combined 
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with FITC-fluorescent staining for cell-specific identifica- 
tion of inflammatory and glial cells. For determining the co- 
localization of TUNEL-positive cells with caspase-1 expres- 
sion, sections were reassayed with a caspase-1 antibody (a 
gift from Dr. Douglas K. Miller; diluted at 1:300). A Cy3- 
conjugated goat anti-rabbit secondary antibody (Jackson 
Laboratories; diluted at 1:100 and incubated for 30 min) 
was used to visualize caspase-1 reactivity. The sections were 
then evaluated using a four-channel Zeiss Model 410 series 
confocal microscope. 

2.5. In vitro studies on the oligodendroglial hybrid cell line 

The M03.13 human oligodendroglial hybrid cell line (a 
kind gift of Dr. P.J. Talbot, University of Quebec, Canada) 
was maintained in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal calf serum (FCS), 
100 U/ml penicillin, and 100 ug/ml streptomycin in a 5% 
(v/v) C0 2 incubator at 37 °C. The M03.13 oligodendro- 
cyte hybrid cell line was characterized by immunohisto- 
chemistry under the culture conditions described above. 
The cells were collected, washed in PBS, and then spun 
down using a cell preparation system, Cytospin 3 (Shan- 
don, Pittsburgh, PA) onto microscope slides. After air- 
drying, cells were fixed in 2% formalin in PBS for 10 min 
at room temperature, then treated with ethanol/acetic acid 
at — 20 °C for 5 min. The cellular endogenous peroxidase 
was blocked using 0.3% H 2 0 2 for 10 min and 10% normal 
horse serum was used to block nonspecific immunoglobin 
binding sites. A battery of glial cell markers was employed 
for the immunohistochemical staining using a previously 
published method [6]. These markers included CNPase (a 
gift from Dr. Terry Sprinkle, 1:600 dilution, incubated at 
room temperature for 1 h.), PLP (Chemicon, 1:200, at 
room temperature for 1 h.), PDGFa-R (Santa Cruz Bio- 
technology, Santa Cruz, CA, 1:150, at 4°C overnight) and 
GFAP (DAKO, 1:200, at 4 °C overnight). The MBP 
(1:500), 01 (1:25), and A2B5 (1:25) were all gifts from 
Dr. Steven Pfeiffer and were incubated at 4 °C overnight. 
The NCTC929 connective tissue cell line was used as a 
negative control. 

In the caspase-inhibitor blocking experiments, M03.13 
cells were preincubated with either a caspase-1 -like inhibitor 
(Z-YVAD-fmk; Enzyme Systems, Livermore, CA) or a 
caspase-3-like inhibitor (Z-DEVD-fmk; Enzyme Systems) 
for 3 h at a dose range of 0-500 uM, and then challenged 
with TNF-a/IL-ip (100 and 10 ng/ml) combined with 
cycloheximide (5 ug/ml). Each determination was made in 
duplicate. Challenged cells were harvested after 24 or 48 h 
and assayed for Annexin V staining following the manu- 
facturer's protocol (Vybrant™ Apoptosis Assay Kit #1, 
Molecular Probes, Eugene, OR). The apoptotic and viable 
cells were then quantified by flow cytometry (FACSCalibur, 
Becton-Dickinson, San Jose, CA). A comparison was made 
between numbers of apoptotic cells in cytokine-challenged 
groups and those of controls. Data were analyzed using 



Histogram Statistics by LYSYS II software (Becton-Dick- 
inson) gated for 10,000 events. The experiment was repli- 
cated six times and a one-way ANOVA was used for 
statistical analysis. 

For the lower molecular weight DNA analysis, DNA 
was extracted from cultured cells with 10 mM Tris-HCl 
(pH 8.0), 0.5% SDS, 0.1 M NaCl, and 5 mM EDTA 
containing 100 jig/ml of proteinase K (Sigma) for 2 h at 
37 °C. Sodium chloride was added to a final concen- 
tration of 1 M, and samples were incubated overnight at 
4 °C. Then the samples were centrifuged for 15 min and 
the supernatant was ethanol-precipitated after phenol- 
chloroform extraction. In order to enhance the detection 
system, we used a radiolabeling method that is capable of 
detecting very low levels of apoptotic DNA. A 1-ug 
sample of DNA was labeled with 0.5 uCi of [ 32 P]-labeled 
dATP in the presence of 10 mM Tris-HCl (pH 7.5), 5 
mM MgCl 2 , and 5 U of Klenow polymerase (Gibco). The 
mixture was incubated for 10 min at room temperature 
and then the reaction was terminated by adding EDTA to 
a final concentration of 10 mM. Unincorporated nucleo- 
tides were removed by a Microcon centrifugal filter device 
(Amicon Bioseparations, Millipore, Bedford, MA). Identi- 
cal amounts of control and test DNA were electrophor- 
esed on 1.5% agarose gels. The gels were then dried on 
DEAE cellulose filters and developed by autoradiogra- 
phy. 

2.6. Western blotting 

Cultures were lysed in radio-immuno-protein assay 
(RIPA) buffer containing 150 mM NaCl, 1% NP-40, 0.5% 
deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0), and protei- 
nase inhibitors (2 mg/ml aprotinin, 1 mg/ml leupeptin, and 
25 ug/ml phenylmethylsufonyl fluoride) at 0 °C for 30 min. 
The cell lysates were then incubated in 1 ul of PMSF on ice 
for another 30 min and centrifuged at 4 °C for 10 min. The 
protein concentration in the supernatant was determined by 
the Bio-Rad assay using BSA as the standard. A 50-ug 
sample of protein from cell lysates was run on a 10-20% 
Tris-glycine gel and transferred to a nitrocellulose mem- 
brane (Invitrogen/Novex Electrophoresis, Carlsbad, CA). 
The membrane was blocked for nonspecific binding in 5% 
milk at 4 °C overnight and washed in 1 X T-TBS (Tris- 
buffered saline and 0.1% Tween 20). The membranes were 
incubated for 1 h with a caspase-1 p20 polyclonal rabbit 
antibody at a 1 :300 dilution (Santa Cruz Biotechnology, Cat 
#sc-1780). They were then rinsed three times with T-TBS 
and incubated with an HRP-conjugated donkey anti-rabbit 
secondary antibody (Amersham, Arlington Heights, IL) 
diluted 1 :3000 for 1 h at room temperature. Immunoreactive 
bands were visualized by chemiluminescence using the 
ECL-kit (Amersham) and then exposed to Hyperfilm (Amer- 
sham). An antiserum to p-actin (Santa Cruz Biotechnology) 
was also tested on blots as a control for equal loading of 
lanes. 



12 



X. Ming et al / Journal of the Neurological Sciences 197 (2002) 9-18 



3. Results 

3.1. Caspase-1 mRNA upregulation in MS white matter 

To measure caspase-1 gene expression in white matter, 
RNA was extracted from the white matter of 18 MS and 14 
control frozen brains and subjected to an RT-PCR assay 
that targeted a 420-bp segment of the caspase-1 mRNA. 
The PCR products were solution-hybridized with a radio- 
labeled oligonucleotide corresponding to an internal 
sequence of the amplimer and electrophoresed on agarose 
gels. Fig. 1 A shows an autoradiograph of this gel. Caspase- 
1 mRNA was present in all the MS brains tested, and the 
bands generated from MS RNA were usually more intense 
than those amplified from controls. To quantify the amount 
of caspase-1 transcript in these samples, caspase-1 ampli- 
con radioactivity was normalized to that of GAPDH in each 
extract, as is shown in the bottom panel of Fig. 1A. A 
graph of the normalized caspase-1 PCR product (Fig. IB) 
shows significantly more caspase-1 mRNA expression in 
the MS group than in the control (/?<0.03), and the 
average caspase-1 transcript expression in controls was half 
of that in MS white matter. It is important to note that the 
controls included white matter from nine SSPE brains 
(open circles) that were known from a previous study to 
contain large numbers of inflammatory T-cells and acti- 
vated macrophage/microglia [10]. While the SSPE samples 
might be expected to overexpress caspase-1, the mean 
mRNA expression in these brains was still lower than in 
many MS brains. 

3.2. Caspase-1 protein is upregulated in MS plaques 

We next investigated caspase-1 expression and localiza- 
tion in MS brains by immunohistochemistry using a poly- 
clonal antiserum that recognizes both the procaspase 
(uncleaved) and active tetrameric (cleaved) forms. Fig. 2 
compares caspase-1 expression in normal control white 




Fig. 2. Immunohistochemical study of caspase-1 expression in normal 
control white matter and MS plaques. Caspase-1 staining was rarely seen in 
normal white matter (upper left panel and enhanced inset photograph). By 
contrast, strong cytoplasmic caspase-1 staining was detected in many 
oligodendroglia, macrophage/microglia, and some enlarged reactive astro- 
cytes of MS plaques (upper right and lower left panels). Some caspase-1 - 
positive cells have strong nuclear staining. Neurites within another plaque 
located at the gray/white matter junction also stained for caspase-1 (lower 
right). 
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Fig. 1. Determination of caspase-1 gene expression in MS white matter and controls. (A) Semiquantitative RT-PCR and liquid hybridization for caspase-1 and 
control GAPDH transcripts in RNA extracts from MS and control brains. The agarose gel regions containing bands for the GAPDH and caspase-1 PCR 
products are shown. Lanes 1-6: MS brains. Lanes 7-11: control brains. The radioactivity of the mRNA bands was measured and caspase-l mRNA values 
were normalized to those of GAPDH for each sample. (B) Graph of normalized caspase-1 gene expression in MS brain and other neurologic disease controls 
(OND). Mean value for each group: MS =15,240; OND = 78 18. The MS group was significantly different from the ONDs according to a Student's /-test 
(/?<0.03). Open circles (O) represent values derived from a group of nine SSPE brains containing considerable chronic inflammation. 
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Table 1 

Identity of caspase-1 -expressing cells in MS white matter plaque 
Patient number Caspase-1- Oligodendrocytes Macrophages/ 





positive cells 


(CNPase-positive) 


microglia 




(total counted) 




(RCA-1 lectin- 








positive) 


First experiment 








Patient 1 


152 


44 (29%) 


59 (38%) 


Patient 2 


148 


46 (31%) 


none seen (0%) 


Patient 3 


119 


27 (23%) 


47 (39%) 


Patient 4 


135 


40 (30%) 


40 (30%) 


Second experiment 8 








Patient 1 


151 


63 (42%) 


42 (28%) 


Patient 4 


149 


77 (52%) 


42 (28%) 


Average 


142 


50 (35%) 


38 (27%) 



a Sections from different levels of the blocks were used in the two 
experiments, so variation in the percentage of counted oligodendrocytes and 
macrophage/microglia is expected. The difference is within experimental 
error. 



matter to that in MS brain. We found that this protein was 
readily detectable in most MS lesions, and that many plaques 
contained far more caspase-1 -positive cells than control 
white matter. Normal white matter failed to exhibit immu- 
noreactivity to the caspase-1 antiserum (top left panel). The 
inset shows an enhanced photograph of negative staining 
oligodendroglial cells in normal brain. The same section was 
subsequently reacted with CNPase to assure that the small 
round caspase-1 -negative cells were indeed oligodendro- 
cytes. By contrast, the MS plaques (top right and lower left 
panels) show strong caspase-1 staining in many cells pos- 
sessing oligodendrocyte morphology. There were also cas- 
pase-1 -positive astrocytes, and although most caspase 
staining was cytoplasmic, in some cells, prominent nuclear 
staining was observed. The lower right panel shows the gray/ 
white matter junction in an MS brain where marked caspase- 
1 immunoreactivity was observed within nerve fibers along 
the plaque edge. 



As previously mentioned, we superimposed fluorescent 
antisera specific for oligodendrocytes (CNPase) or macro- 
phage/microglial-lineage cells (RCA-1 lectin) on sections 
previously subjected to caspase-l/DAB staining to deter- 
mine precisely which cell types express caspase-1 in MS 
plaques. The experimental results are summarized in Table 1. 
Fig. 3 illustrates caspase-1 immunostaining at the active 
margin of a chronic active plaque (left panel) co-labeled 
with the oligodendrocyte marker CNPase (middle panel), 
and with the macrophage/microglia marker RCA-1 lectin 
(right panel). A comparison of the left and middle panels of 
Fig. 3 shows that caspase-1 is prominently upregulated in the 
cytoplasm of oligodendrocytes within the thin zone of active 
demyelination at the plaque margin (black arrows). Compar- 
ison of the left panel with the right panel shows that caspase- 
1 is also upregulated within the perivascular and parenchy- 
mal lectin-positive macrophage/microglia (white arrow) as 
expected. The upper region of the plaque has undergone 
complete myelin loss. These findings demonstrate that 
caspase-1 is upregulated throughout evolving early MS 
plaques, and that caspase-1 is also upregulated at the active 
margin in chronic plaques in comparison to normal brain. 

The largest average number of caspase-1 -positive cells 
belonged to the oligodendrocyte population (35%) and this 
was closely followed by the average in caspase-1 -positive 
macrophages/microglia (27%, see Table 1). Cytoplasmic 
caspase-1 staining was often more intense in oligodendro- 
cytes than in macrophage/microglia, and expression varied 
greatly among cells. GFAP-positive astrocytes usually con- 
stituted only 10-15% of caspase-1 -positive cells, and their 
stain was also of variable intensity (data not shown). 

3.3. Macrophages engulf caspase-1 -positive cell bodies in 
acute MS brain 

To address the possible relationship between caspase-1 
expression and cell death in MS lesions, we used fluorescent 




Fig. 3. Chronic MS plaque with active margin showing caspase-1 expression in oligodendrocytes and macrophage/microglia lineage cells. Left panel: Caspase- 
1 staining using DAB (dark cells; arrows). Arrows point to field of caspase-1 -positive oligodendrocytes that are restricted to the active margin of the plaque. 
Additionally, many caspase-1 -positive mononuclear cells are found in the perivascular infiltrate around the blood vessel (V). Middle panel: Confocal image of 
the same field showing FITC-labeled CNPase-positive oligodendrocytes within a partially demyelinated region of the plaque. Right panel: Confocal image of 
the same field now labeled with Cy5 RCA-1 lectin that shows positive macrophage/microglia around the vessel. This area of the plaque is totally devoid of 
myelin. 



14 



X. Ming et al / Journal of the Neurological Sciences 197 (2002) 9-18 




Fig. 4. Confocal fluorescent microscopic images showing FITC-labeled TUNEL-positive cells containing fragmented DNA (yellow) and Cy-3-labeled caspase- 
1 -positive cells (red). Left panel: Arrows indicate caspase-1 -positive cells with condensed TUNEL-positive nuclei. Right panel: Higher power image of two 
additional TUNEL-positive cells with marked expression of caspase-1. 



immunohistochemistry for caspase-1 in conjunction with in 
situ TUNEL staining, which is a nuclear marker for frag- 
mented DNA that is highly characteristic of cell death. Fig. 4 
(left panel) shows a chronic MS plaque with many caspase- 
1 -positive cells (red signal) and a few contain TUNEL- 
positive nuclei (yellow signal; arrows). In another field at 
higher magnification, a few cells expressing caspase-1 again 
labeled with the TUNEL stain (right panel). The majority of 
cells that stained heavily for caspase-1, however, failed to 
react with the TUNEL assay, indicating that increased 



caspase-1 expression alone is not sufficient to induce cell 
death. 

We performed caspase-1 immunohistochemistry on an 
early evolving acute MS plaque where the cell death process 
was very aggressive, as judged by TUNEL staining. Fig. 5 
shows intense caspase-1 staining (DAB) of multiple inter- 
nalized cell bodies within several large phagocytic cells of 
this lesion. These bodies probably represent caspase-1 - 
positive cell corpses being phagocytosed by macrophages 
(arrows). 




Fig. 5. Phagocytosis of caspase-1 -positive cells in a very acute MS lesion. Caspase-1 immunohistochemistry (DAB chromogen, brown stain) showing highly 
edematous white matter and several large phagocytic cells with multiple caspase-1 -positive corpses (arrows). 
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3.4. In vitro caspase-1 studies on oligodendrocyte hybrid 
cultures 

The majority of M03.13 cells expressed mature oliogo- 
dendroglial cell markers including MBP, PLP, CNPase, and 
01 when tested by immunohistochemistry. A small portion 
(up to 5%) expressed progenitor oligodendroglia markers 
including PDGFa-receptor and A2B5. The M03.13 cells 
failed to react with the astrocyte marker GFAP. A nonneural 
connective tissue cell line (NCTC929) was simultaneously 
tested with the same marker panel and found to be non- 
reactive for all markers tested. 

The TNF-a/IL-1 p> cytokine combination induced 47% of 
the cycloheximide-sensitized cells to die compared to con- 
trol levels of 20%, as judged by flow cytometry (Fig. 6). 
The caspase-1 -like inhibitor Z-YVAD-fmk blocked most of 
the cell death induced by this cytokine combination (24%), 
and was therefore quite effective. Fig. 6 also shows that 
DNA extracted from the control cells described in the 
experiment above contained mostly high molecular weight 
intact DNA and only modest amounts of the low molecular 
weight banding pattern that is characteristic of apoptosis. In 
contrast, cultures that were challenged with inflammatory 
cytokines showed far larger amounts of this low molecular 
weight banding pattern (middle lane). The companion 
culture treated with Z-YVAD-fmk exhibited a marked 
reduction in low molecular weight DNA (right lane). 

Control ILIft + TNFa Challenge 
kb 

Intact DNA 



75 n 




Low Molecular 
DNA 



47 24 Cells Dead (%; 



Fig. 6. Autoradiograph showing DNA analysis by 1 .5% agarose gel elect- 
rophoresis. Lane 1 : DNA extracted from control cells showing background 
apoptosis (20% cells dead). Lane 2: DNA extracted from cells exposed to 
cytokine challenge showing marked increase in low molecular weight DNA 
banding pattern (47% cells dead). Lane 3: DNA from challenged cells that 
were pretreated with the inhibitor Z-YVAD-fmk (60 uM). A strong low 
molecular weight DNA apoptotic ladder is present in the cytokine- 
challenged DNA, which is much less prominent in the control lane. 
Pretreatment with the inhibitor Z-YVAD-fmk blocks cell death, as reflected 
by the preservation of high molecular weight DNA species and a drop in 
spacers of low molecular weight. Cell death levels also dropped to 24% in 
the presence of the inhibitors. 
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Fig. 7. Graph showing data from six independent experiments where 
oligodendroglial cultures were challenged with a combination of TNF-ot 
and IFN-7. Death induction by cytokine exposure averaged nearly 50%, 
and in this case, inhibition using Z-YVAD-fmk reduced the number of dead 
cells to less than background control values. Bars represent mean per- 
centages of cell death ± 1 S.E.M. Data were analyzed using a one-way 
ANOVA (F=495; p<0.001). 



Fig. 7 summarizes the in vitro results of TNF-a/IFN-7/ 
CHX induced cell death in six independent trials, as judged 
by flow cytometry using Annexin V staining. This cytokine- 
stimulated death was blocked by Z-YVAD-fmk, and cell 
death levels even dropped below the levels of CHX-treated 
control cultures. A one-way ANOVA showed all three groups 
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Fig. 8. Comparison of Z-YVAD-fmk and Z-DEVD-fmk dose- response 
curves after induction of cell death by exposure to TNF-a/IL-1 p. The 
baseline cell death value induced after 24 h was 45% as determined by flow 
cytometry. Both Z-YVAD-fmk and Z-DEVD-fmk caused modest inhibition 
at concentrations as low as 1 uM, and both were quite effective at blocking 
cell death at 500 uM. Z-YVAD-fmk was more effective at blocking cell 
death at low concentrations (15-100 uM) than Z-DEVD-fmk. A two-way 
ANOVA was used for statistical analysis, and the difference between the 
two inhibitors was found to be highly significant (F= 163, p< 0.001). 
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Fig. 9. Western blot showing effect of TNF-a/IL-l(S activation on the 
immortalized M03 oligodendrocyte culture. These immunoblots were 
reacted with an antibody to caspase-1 that is capable of detecting the intact 
promolecule and a 20-kDa cleavage activation product. The intact pro- 
molecule of caspase-1 migrates at 47 to 53 kDa depending on the cell line. 
The control M03.13 cell cultures (left lanes) show a prominent caspase-1 
promolecule band that is substantially reduced following exposure to TNF- 
a/IL-I 0 death induction. An activated fragment of caspase-1 is seen only in 
the cytokine-challenged lanes (right two lanes). 

to be significantly different (p< 0.001), indicating that cyto- 
kine challenge resulted in increased cell death, and that Z- 
YVAD-fink was highly effective in blocking this process. 

We titrated the effectiveness of the two different caspase 
inhibitors on blocking oligodendrocyte death by determin- 
ing their dose-response curves (Fig. 8). The M03.13 cells 
were pretreated for 3 h with Z-YVAD-fmk or Z-DEVD-fmk 
at a dose range of 0-500 |iM, and then challenged with 100 
ng/ml of TNF-a and 10 ng/ml of IL-ip. A two-way 
ANOVA test was used to compare the efficacy of the two 
inhibitors, and Z-YVAD-fmk was found to be a more potent 
inhibitor of cell death than Z-DEVD-fmk (F=163, 
p< 0.001). While inhibition was detectable with both Z- 
YVAD-mik and Z-DEVD-fmk at a concentration of 1 jliM, 
Z-YVAD-fmk retained increased effectiveness at much 
lower concentrations, indicating that Z-YVAD-fmk inhibits 
oligodendrocyte death induced by the cytokines in a dose- 
dependent manner resembling but more potent than Z- 
DEVD-fmk. 

3.5. Caspase-1 is consumed in cytokine-challenged oligo- 
dendrocyte hybrid cells 

Western blot analysis indicated that caspase-1 was acti- 
vated by cytokine challenge in M03 cells. Fig. 9 shows that 
challenge with TNF-a/IL-ip resulted in both a marked 
reduction of the procaspase-1 band compared to the control 
lane and the appearance of a lower molecular weight p20 
cleavage activation product restricted to the cytokine-chal- 
lenge lanes. 



4. Discussion 

A major finding in this study is that caspase-1 is com- 
monly overexpressed in white matter oligodendrocytes of 



MS brain. We found that caspase-1 mRNA transcripts were 
significantly more abundant in MS white matter than in 
control brain tissue as measured by semiquantitative RT- 
PCR. We extended this finding at the single-cell level by 
using immunohistochemistry to determine the pattern of 
caspase-1 expression in chronic and acute MS plaques. The 
expression of caspase-1 was negligible in both normal 
control white matter and in normal appearing areas of MS 
brain. In contrast, a striking upregulation of caspase-1 was 
observed in oligodendrocytes of early evolving MS plaques, 
and this increased expression was often widespread 
throughout the lesion. In other plaques, however, positive 
cells were largely restricted to the active plaque margin. As 
expected, caspase-1 was also upregulated in infiltrating 
perivascular mononuclear cells and parenchymal macro- 
phage/microglia. 

Caspase-1 commonly mediates inflammatory effects 
through cleavage activation of the IL-ip and IFN-7 promo- 
lecules, and these inflammatory cytokines are widely dis- 
tributed in MS white matter. IFN-7 and TNF-a, both toxic to 
oligodendrocytes in tissue culture, are produced by macro- 
phages/microglia in the CNS of MS patients [14,15]. IFN-7 
is found at the margin of active plaques, while TNF-a is 
prominent in macrophages at the center of lesions and in the 
perivascular microglia outside lesions [15]. IL-ip provokes 
inflammation in the CNS as demonstrated by the acute 
inflammation involving hemorrhage and edema observed 
after its injection into the brain of experimental animals [14]. 
Caspase-1 -deficient mice have a major defect in the gener- 
ation of mature IL-10 and demonstrate impaired production 
of IFN-7 and IFN-7-inducing factor (IGIF), thus making 
them resistant to LPS-induced endotoxic shock [16-18]. 
These previous studies suggest that caspase-1 may play an 
important role in the regulation of multiple cytokines impli- 
cated in the inflammatory aspects of the MS disease process. 

Recently, Furlan et al. [19] found that caspase-1 could 
regulate the inflammatory process leading to experimental 
autoimmune encephalomyelitis (EAE), an animal model of 
MS. In this experiment, caspase-1 mRNA blood levels 
parallel those _of proinflammatory cytokines during EAE 
and peak at the time of maximal EAE severity, and a 
reduction of EAE incidence and severity was observed in 
caspase-1 knockout mice. They also found pharmacological 
inhibition of caspase-1 using the caspase-1 -inhibitor Z-Val- 
Ala-DL-Asp-fluoromethylketone (Z-VADA-fmk) which 
could block the induction of EAE if administered early, but 
could not stop the latter progressive phases of the disease. 
This experiment clearly indicates that caspase-1 plays an 
important role in the early phases of the immune-mediated 
inflammatory process leading to EAE. 

Caspase-1 is one of the few caspases with characterized 
activities both in the cleavage activation of proinflammatory 
cytokines and in apoptosis. Since caspase-1 knockout mice 
show no defect in development, some investigators have 
concluded that caspase-1 may play a redundant role in apop- 
tosis [16]. However, one recent study has shown activation 
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of caspase-1 in association with apoptosis, even in the nuclei 
of dying cells. In Mao's report, TNF challenge of Hela cells 
induced apoptosis without detectable proteolytic activation 
of caspase-1 in the cytosol. Instead, TNF induced the trans- 
location of procaspase-1 to the nucleus where it was 
proteolytically activated, releasing the intact prodomain. 
These findings suggest that caspase-1 may have a nuclear 
function in some cell types undergoing apoptosis [20], and 
in our experiment, a number of caspase-1 -positive cells in 
MS plaques showed prominent nuclear expression. Other 
reports also indicate that caspase-1 may be implicated in 
cytokine-mediated glial cell death. Under some conditions, 
TNF induced considerable cytotoxicity in cultured oligoden- 
drocytes. This effect was blocked by the caspase-1 inhibitor 
Ac-YVAD-CHO, suggesting that TNF-induced death in 
glial cells is mediated via a death pathway involving 
caspase-1 [21]. In yet another in vitro study, oligodendrocyte 
apoptosis was induced with a different stimulus, the neuro- 
trophin NGF. Caspase-1 was again found to be activated in 
this study, as was the downstream executioner protein 
caspase-3 [22]. 

In the present study, an occasional dying TUNEL-pos- 
itive cell was found in MS brain expressing large amounts of 
caspase-L However, the vast majority of caspase-1 -express- 
ing cells were TUNEL-negative, so it is unclear precisely 
what role caspase-1 plays in the process of cell death within 
postmortem MS brain lesions. On the other hand, high levels 
of caspase-1 expression in the resident glial population at the 
active margin of chronic MS plaques as well as the presence 
of caspase-1 -positive corpses within phagocytic macro- 
phages of acute MS plaques are consistent with the oper- 
ation of multiple caspase-1 -mediated processes, including 
inflammation and perhaps apoptosis in MS lesion develop- 
ment. 

In our in vitro studies, M03.13 cells were used as an 
oligodendroglial cell model. The immortalized oligodendro- 
glial human-human hybrid M03.13 cell line has been 
utilized in previous reports to study caspase activation and 
apoptosis [23,24]. The cells have been shown to display 
several of the morphological and biochemical characteristics 
of human oligodendroglia [25]. We tested the cell line with a 
battery of glial cell markers and found that the majority of 
M03.13 cells expressed markers of mature oligodendro- 
cytes including MBP, PLP, CNPase, and 01 antigen, and 
none expressed the astrocyte marker GFAP. These findings 
indicate that the M03.13 cells share many of the character- 
istics of human oligodendrocytes. The results of our in vitro 
study showed that the caspase-1 -like inhibitor Z-YVAD-fmk 
was able to block the cytotoxic effects of TNF-ot/IL-lp in a 
dose-dependent manner. These findings suggest that cas- 
pase-1 -like signaling is involved in in vitro cytokine-induced 
oligodendrocyte death and are strongly supported by the 
Western immunoblot data that revealed consumption of 
caspase-1 and the appearance of cleavage activation frag- 
ments in the cells subjected to death induction by TNF-ot/TL- 
lp. While the increased expression of caspase-1 message 



and the caspase-1 product in MS plaques is likely associated 
with inflammation, the in vitro data suggest that under some 
circumstances, caspase-1 may be involved in the apoptosis 
of oligodendrocytes. 
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Differential proteolytic activity and induction of 
apoptosis in fibrous versus atheromatous plaques 
in carotid atherosclerotic disease 

Theresa Jacob, PhD, a Enrico Ascher, MD, a Anil Hingorani, MD, a Yevgeniy Khandros, 3 Boris 
Tsemekhin, MD, a Linda Zeien, MD, b and Yilmaz Gunduz, MD, a Brooklyn, NT 

Purpose: Atherosclerotic plaque instability may be a contributing factor to plaque complications, such as rupture, 
thrombosis, and embolization. Of the two types of plaques, atheromatous and fibrous, the atheromatous type has been 
reported to be vulnerable and unstable. This instability may be related to changes in the cell cycle and extracellular 
matrix degradation. Apoptosis may weaken the plaque structurally. In addition, alteration of the cellular component 
may lead to imbalances in associated proteolytic activity. Our study was designed to compare the two types of plaques 
in terms of apoptosis, apoptosis -inducing factors, namely Fas/CD95/APO-l and CPP-32/YAMA/caspase-3, and pro- 
teolytic activity. 

Methods: Carotid artery plaques were obtained from patients undergoing en darter ectomy and were classified as either 
atheromatous or fibrous on the basis of established criteria. Histologic study included hematoxylin and eosin staining, 
VerhoefP s van Gieson elastin staining, and trichrome staining. Detection of apoptosis was performed with the TUNEL 
assay. Immunohistochemical studies were performed to localize the expression of CPP-32/YAMA and Fas/CD95. 
Gelatin gel zymography was used to compare proteolytic activity levels in the two types of plaque. 
Results: Apoptosis was significantly higher (P < .001) in atheromatous plaques (4.90% ± 1.27% [SEM]) as compared 
with fibrous plaques (0.86% ± 0.46% [SEM]). Zymography demonstrated elevated levels of proteinases in atheroma- 
tous plaques. Immunohistochemistry revealed significant increases in the expression of Fas/CD95 (P < .04) and CPP- 
32/YAMA (P < .001) in atheromatous plaques as compared with that in fibrous plaques. 

Conclusions: This is the first study comparing molecular factors that render atheromatous plaques more susceptible to 
rupture than fibrous plaques. The higher number of apoptotic cells seen in atheromatous plaques as compared with 
fibrous plaques could contribute to their greater instability. Immunoreactivity to cytoplasmic death domain, Fas/CD95 
and CPP-32/YAMA, a prominent mediator of apoptosis, was consistent with the numbers of apoptotic cells detected. 
The increased levels of proteolytic activity in atheromatous plaques may make these plaques more prone to rupture. 
These data identifying some of the molecular events and biochemical pathways associated with plaque vulnerability may 
help in the development of new strategies to prevent plaque rupture. (J Vase Surg 2001;33:614-20.) 



In carotid atherosclerotic disease, fibrous and athero- 
matous plaques have exhibited different levels of stabil- 
ity. 1 ' 3 Fibrous plaque is made up of more than 70% 
collagen-rich tissue that is thought to stabilize and prevent 
rupture, 4 whereas atheromatous plaques, characterized by 
having high lipid content, thin fibrous cap, and abundant 
macrophages, are known for their instability. 5 Although 
data support the clinical differences between these two 
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types of plaques, few studies have investigated the differ- 
ent types of plaques by use of modern biochemical and 
molecular biological techniques. 

Previous studies by us, as well as by others, 6 * 7 have 
demonstrated increased levels of apoptosis and signaling 
molecules of the apoptotic cascade in atherosclerotic 
plaques as compared with normal arterial tissue. 
Specifically, changes in the expression of the members of 
the Bcl-2 family, p53, MDM2, CPP-32, and cyclin Dl 
have been reported. 6 9 It has been proposed that apopto- 
sis, especially of the smooth muscle cells (SMCs) in the 
fibrous cap and the underlying media, weakens the plaque 
structurally to the point of rupture whereas death of 
macrophages and that of other cells contribute to the for- 
mation of soft plaque cores and therefore make them vul- 
nerable. 10 " 12 However, the magnitude of apoptosis and 
the signaling molecules involved in apoptosis in fibrous 
versus atheromatous plaques have not been examined. 

Plaque rupture may also be affected by the stability of 
extracellular matrix (ECM). Remodeling of the arterial 
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ECM 13 occurs during all phases of human atherosclerosis 
and is a process regulated at the levels of both synthesis and 
degradation of matrix components. The macrophages and 
T-cells associated with chronic inflammation are known to 
secrete cytokines that can stimulate the production of met- 
alloproteinases in the neighboring SMCs and endothelial 
cells. Elevated levels of proteolytic activity can cause 
an increase in ECM degradation and affect plaque stabil- 
ity. 14 " 20 However, there is no report comparing proteolytic 
activity in vulnerable atheromatous plaques and stable 
fibrous plaques. 

This study was performed to determine potential fac- 
tors that may predispose atheromatous and fibrous 
plaques to rupture. Degree of apoptosis, along with the 
levels of known inducers of apoptosis, Fas/CD95/APO-l 
and CPP-32/YAMA/caspase-3, were compared between 
the two types of plaque. Proteolytic activity was examined 
in fibrous and atheromatous plaques with the goal of 
observing differences that may explain varying plaque sta- 
bility between fibrous and atheromatous plaques. 

MATERIALS AND METHODS 

Patients. Two hundred consecutive patients, admit- 
ted for primary carotid endarterectomy to the vascular 
surgery division of Maimonides Medical Center between 
April 1998 and February 1999 were considered for this 
study. Institutional Review Board approval was obtained 
for procurement of specimens, and all patients gave 
informed written consent for the study These carotid 
endarterectomy specimens were stained by hematoxylin 
and eosin and screened for type of plaque by an anatomic 
pathologist (L.Z.) blinded to the clinical symptoms and 
identity of each patient. Only five of the specimens were 
found to be fibrous, whereas the rest were atheromatous 
by standard criteria. 17 * 20 The definition of fibrous plaque 
was a complete lack of histologically identifiable atheroma 
(macrophages and cholesterol). These plaques were made 
up of only fibrous tissue. The five fibrous plaques and 
eight randomly selected atheromatous plaques were cho- 
sen for the study. 

Preoperative imaging. All patients underwent preop- 
erative carotid artery duplex ultrasound scanning. Carotid 
artery duplex scanning was performed by registered vascular 
technologists at a laboratory accredited by the Intersocietal 
Commission for the Accreditation of Vascular Laboratories, 
as part of the preoperative evaluation of these patients. The 
common carotid, internal carotid, and external carotid arter- 
ies were scanned bilaterally for the presence of occlusion or 
stenosis. 2123 The arteries were scanned in transverse and 
longitudinal sections with B-mode and color-flow imaging. 
Local percent stenosis was estimated as a 10% interval, that 
is, 60% to 70%. This interval reading accounted for mea- 
surement error and variability. 24 Velocity criteria were used 
to confirm these data. The University of Washington crite- 
rion was used to corroborate stenosis > 50% with a peak sys- 
tolic velocity more than 125 cm/s. 21 An end-diastolic 
velocity of 100 cm/s 25 » 26 was used to corroborate severe 
stenosis > 70%. All patients who underwent carotid 
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endarterectomy had > 60% stenosis. None of the lesions 
were identified as ulcerated or inhomogeneous by duplex 
scanning. 

Tissue specimens. Carotid artery plaques were 
obtained immediately after endarterectomy All operations 
were performed with standard surgical techniques and min- 
imal manipulation of the specimen. One half of each speci- 
men was fixed in paraformaldehyde and embedded in 
paraffin, whereas the remainder was snap-frozen immedi- 
ately in liquid nitrogen and stored at -70°C until extraction. 

Histologic study. Paraffin -embedded tissues were 
sectioned transversely at 5-ujti thickness and mounted on 
3-aminopropyltriethoxysilane-coated slides. Five random 
sections from each specimen were used for analysis. In 
addition to routine hematoxylin and eosin staining used to 
select specimens for the study, Gomori's one-step 
trichrome staining was performed to differentiate between 
collagen and smooth muscle fibers, and VerhoefFs van 
Gieson elastic tissue staining was performed to observe the 
elastin network in the specimens. 

DNA in situ end-labeling. Detection of apoptosis in 
the carotid artery plaques was performed with terminal 
deoxynucleotidyl transferase (TdT)-mediated digoxigenin- 
deoxyuridinetriphosphate (dUTP) nick end-labeling of 
free 3' OH DNA termini of fragmented DNA present in 
the apoptotic cells (TUNEL), with the ApopTag kit 
(Intergen, Purchase, NY) as previously described. 29 The 
tissue sections were deparaffinized, rehydrated, and incu- 
bated in 3% citric acid to remove calcium vesicles. Nuclei 
were stripped of proteins by incubation with 20 ug/mL 
proteinase K (Oncor, Gaitherburg, Md) for 15 minutes at 
45°C. After equilibration in buffer for 5 minutes, sections 
were covered with reaction buffer containing TdT enzyme 
and digoxigenin-dUTP and incubated in humidifying 
chambers for 1 hour at 37°C. One negative control 
slide (per batch) was incubated in the absence of TdT 
enzyme. Positive control used was tumor tissue. After end- 
labeling, the slides were immersed in stop-wash buffer for 
20 minutes at 37°C. Blocking solution containing anti- 
digoxigenin antibody (sheep polyclonal) conjugated to flu- 
orescein was applied on tissue and incubated for 30 minutes 
at 37°C in humidifying chambers. The antibody solution 
was washed away with three changes of phosphate-buffered 
saline solution for 5 minutes each. End-labeling was visu- 
alized after counterstaining with propidium iodide and 
observing the fluorescence under a Zeiss Axiophot fluo- 
rescence microscope (Carl Zeiss, Inc, Thornwood, NY). 

Immunohistochemistry. The primary antibodies 
used in this study were mouse monoclonal antibodies for 
CPP-32 and Fas (DAKO, Carpentaria, Calif). Formalin- 
fixed paraffin -embedded tissue sections were deparaf- 
finized and rehydrated. Antigen retrieval was performed by 
heat treatment at 95°C with 0.01 mol/L citrate buffer, pH 
6.0. After the endogenous peroxidase activity was 
quenched with 0.3% hydrogen peroxide, the tissue sections 
were incubated with primary antibodies CPP-32 at 1:200 
dilution and Fas at a dilution of 1:200 for 1 hour at room 
temperature. Sections were incubated with biotinylated 
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Atheromatous Fibrous 



Fig 1. Apoptosis in fibrous and atheromatous plaque. Yellow- 
green fluorescence represents TUNEL-positive apoptotic bodies 
against red background of propidium iodide counterstained 
nuclei of nonapoptotic cells. (Original magnification xlOOO.) 



% of Apoptotic Cells 




Fibrous Atheromatous p < .0001 

Fig 2. Apoptosis in fibrous and atheromatous plaque. 
Differences in incidence of apoptosis between fibrous and athero- 
matous plaque. Cumulative data of all atheromatous and fibrous 
plaques were obtained. Number of apoptotic cells per thousand 
cells were counted manually at high-power magnification (origi- 
nal magnification xlOOO) for each specimen (random fields were 
selected). 



secondary antibody for 30 minutes at room temperature. 
The bound primary antibodies were detected with the 
LSAB2-HorseRadishPeroxidase detection system (DAKO). 
The peroxidase reaction was developed with diaminoben- 
zidine tetrachloride to produce a brown color at sites of 
immunoreactivity. Subsequently, the slides were counter- 
stained with Mayers' hematoxylin for 1.5 minutes. Tumor 
tissue was used as a positive control. The primary antibody 
was omitted and substituted with an unrelated antibody at 
the same dilution to check the specificity of the immuno- 
histochemical reactions. 

Quantification. Cells only positively stained by 
TUNEL and containing apoptotic bodies were referred to 
as "apoptotic cells." Thus, multiple criteria were used to 
identify apoptotic cells: TUNEL staining and morpho- 
logic markings including chromatin condensation. Cells 



with these features have been confirmed to be apoptotic 
with electron microscopic analysis in previous studies by 
us 28 and by others. 29 The number of apoptotic cells per 
thousand cells were counted manually at high-power mag- 
nification (xlOOO) for each specimen (random fields were 
selected). The apoptotic index was calculated as the num- 
ber of apoptotic cells divided by the total number of cells 
times 100. Cells positive for Fas and CPP-32 were counted 
manually at original magnification x 400. Cells with no 
nuclear staining, positive nuclear staining, and cytoplasmic 
staining were quantified in six random fields per section. 
Five sections per specimen were analyzed. The number of 
positive cells is presented as a percentage of the total. 

Protein extraction and estimation. Tissue samples 
were minced and homogenized in salt buffer (50 mmol/L 
Tris HC1 pH 7.5; 2 mol/L NaCl; 0.02% Na Azide). After 
centrifugation, the supernatants were dialyzed against 
0.05 mol/L Tris HC1 pH 7.9 overnight at 4°C. Total pro- 
tein in the dialysate was determined by use of the Pierce 
protein microassay kit (Pierce Chemical Co, Rockford, 111) 
as per the manufacturer's instructions. 

Zymography. Proteolytic activity in the extracts was 
identified by use of substrate gels containing gelatin. 
Extracts with equalized amounts of protein were mixed in 
sample buffer in 1:2 ratio and 30 uL loaded on 10% poly- 
acrylamide gels impregnated with gelatin (1 mg/mL) 
(BioRad, Hercules, Calif). Electrophoresis was performed 
under nonreducing conditions and at a constant voltage of 
100 V. The gels were renatured for 30 minutes at room 
temperature and developed overnight in a 37°C water 
bath. The zymograms were stained in 0.5% (wt/vol) 
Coomassie blue for 20 minutes. Destaining was per- 
formed in 40% methanol and 10% acetic acid in distilled 
water until gelatinolytic activity was seen as clear bands 
against a background of stained gelatin. Polyacrylamide 
gel electrophoresis under reducing conditions was used to 
evaluate protein content. 

Statistical analysis. The clinical data, risk factors, and 
histologic and immunohistochemical findings were ana- 
lyzed with the Student t test and % 2 . The Fisher exact test 
was used to compare the results obtained in the different 
groups. Statistical analyses were performed with. Winks 
4.21 program (Texasoft, Cedar Hill, Tex) and Instat 2.05a 
programs (Graphad, San Diego, Calif). 

RESULTS 

Patient demographics 

There were seven men and six women with ages rang- 
ing from 63 to 85 years (mean, 73.6 ±1.9 years). Eight of 
the patients had symptoms (history of stroke, transient 
ischemic attack, or amaurosis fugax), whereas five were 
symptom free. Patient demographics, risk factors, and 
clinical symptoms are given in Table I. None of the 
women were receiving hormone replacement therapy. 

Histologic study 

Fibrous plaques were observed to contain more smooth 
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Table I. Clinical risk factors 



Atheromatous (n = 8) Fibrous (n = 5) 





Asymptomatic (n = 3) 


Symptomatic (n = 5) 


Asymptomatic (n 3) Symptomatic (n =2) 


P value 


Age ± SEM (y) 


72.7 ± 2.9 


73.2 ± 3.6 


69.7 ± 3.2 82 ± 2 


NS 


Male/female (7:6) 


2:1 


3:2 


1:2 2:0 


0.67 


Diabetes mellitus (n = 4) 


0 


2 


2 0 


0.56 


Hypertension (n = 5) 


1 


3 


0 1 


0.44 


Tobacco (n = 7) 


0 


4 


1 2 


0.6 


P values compare atheromatous with fibrous plaque. 








Table n. Histopathogic findings 










Atheromatous (n = 8) 


Fibrous (n = 5) 






Asymptomatic (n - 3) 


Symptomatic (n - 


5) Asymptomatic (n *> 3) Symptomatic (n =2) 


Plaque rupture 


1 


2 






Cap thinning 


2 


2 






Plaque necrosis 


1 


2 






Cap foam cells 


2 


1 






Macrophages 


2 


4 






Intraplaque fibrin 




1 






Intraplaque hemorrhage 


3 


3 


1 





muscle cells (identified with anti-alpha actin staining and 
morphologic study) than atheromatous plaques. VerhoefPs 
elastin staining and trichrome staining also showed a more 
developed extracellular matrix in atheromatous plaques 
than in fibrous plaques. The histopathologic findings in the 
patient groups are summarized in Table II. 

Apoptosis detection 

We observed that most of TUNEL-positive cells occur 
within the inflammatory regions of atheromatous plaques, 
composed mostly of macrophages, smaller number of T 
lymphocytes, and few B lymphocytes (data not shown). 
The atheromatous plaques contained 4.9% ± 1.27% 
TUNEL-positive apoptotic cells as compared with 0.86% ± 
0.46% cells in the fibrous plaques (P< .001 ). In the athero- 
matous plaques, TUNEL-positive cells were most predom- 
inant in the lipid core, followed by the fibrous cap and the 
plaque shoulder region. There were fewer apoptotic cells in 
the medial layers. On the other hand, fibrous plaque 
demonstrated an even or scattered distribution of the less 
than 1% TUNEL-positive cells (Figs 1 and 2). The apop- 
totic index in the symptomatic group was 3.26, and that in 
the asymptomatic group was 3.45 (P = .47). There was no 
correlation of apoptosis with the degree of stenosis. 

Immunohistochemical localization of the expression of 
mediators of apoptosis 

CPP-32/YAMA. Cells expressing CPP-32 were 
preferentially located in areas of atheromatous plaques 
that had increased evidence of apoptosis, namely lipid 
core, fibrous cap, and shoulder region. In the atheroma- 



tous plaque, 20.3% ± 1.78% of the cells were CPP-32 pos- 
itive, whereas in the fibrous plaque, significandy fewer 
cells were positive (11.7%; P< .001) (Fig 3). 

Fas. There were 17.5% ± 2.35% of positive cells in the 
atheromatous plaques and no reactivity in the fibrous 
plaques (P < .04). This correlated with the apopotic cell 
death observed in serial sections of these specimens (Fig 
3). We could quantify the immunoreactivity to this 
inducer of apoptosis, although the specimens demon- 
strated weakly positive staining results. 

Zymography. Zymograms with extracts used from 
carotid artery plaque specimens demonstrated proteolytic 
activity. However, there was increased gelatinolytic activity 
in the atheromatous plaques as compared with the fibrous 
samples. The activities ranged from 68-94 kDa (Fig 4); 
however, the band intensities were not quantified. 

Clinicopathologic correlation 

With the risk factors analyzed, diabetes mellitus, 
hypertension, and smoking (Table I), no correlation could 
be established between plaque type and clinical symptoms. 
Patients who had quit smoking were considered as positive 
for tobacco use. 

DISCUSSION 

The data from this study suggest significant differ- 
ences in the apoptotic cascade in between atheromatous 
and fibrous carotid artery plaques. We have observed 
greater numbers of apoptotic cells in atheromatous 
plaques as compared with fibrous plaques. Programmed 
cell death in the atheromatous plaques was mainly found 
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Fig 3. A, Immunohistochemical localization of CPP-32 in 
atheromatous plaques. Note positive staining (brown) for CPP- 
32. (Original magnification x400.) B, Immunohistochemical 
localization of Fas in atheromatous plaques. Note positive stain- 
ing result (brown) for Fas. (Original magnification x400.) 
C, Negative control. (Original magnification x400.) 



within regions of inflammatory cell infiltration. In con- 
trast, apoptotic cells in fibrous plaques were distributed 
throughout the whole plaque. Therefore, they may not be 
able to undermine or compromise plaque stability. 6 * 7 In 
addition, programmed cell death of SMCs may lead to 
imbalances in secretion of proteases associated with 
them, 29 whereas cell debris of dead macrophages and 



other cells may contribute to gruel formation. It has been 
suggested that the death of SMCs can be detrimental for 
plaque stability because most of the interstitial collagen 
fibers that are important for the tensile strength of the 
fibrous cap are produced by SMCs. 30 Because SMCs and 
macrophages have been characterized as the key cell types 
involved with matrix turnover, a high degree of apoptosis 
in atheromatous plaques may account for their relative 
instability when compared with fibrous plaques. 

The apoptosis observed by TUNEL assay identifies 
DNA fragmentation that occurs at the final phase of the 
apoptotic cascade. Kockx and Herman 30 found that dur- 
ing TUNEL assay if aspecific labeling is avoided, as in this 
study, the percentage of apoptosis was low in atheroma- 
tous plaques. The half-life of apoptotic cells is only a few 
hours. Even a low incidence of apoptosis has great cell 
kinetic significance because the short duration of the 
apoptotic process makes it histologically inconspicuous. 
Previous reports have emphasized that a small proportion 
of apoptotic cells visualized in tissue sections can represent 
a considerable magnitude of cell loss. 7 ' 11 * 31 

Cysteine protease CPP-32/YAMA is an inducer for 
mammalian programmed cell death and is an early marker 
of apoptosis. 32 Our data demonstrate decreased immuno- 
positivity for CPP-32 in fibrous plaques. The fact that cells 
expressing CPP-32 are preferentially present in the lipid 
core, fibrous cap, and shoulder regions lends credence to 
the finding of a significant number of apoptotic cells in 
these regions. CPP-32 has been shown to lead to apopto- 
sis by cleaving and deactivating poly (ADP-ribose) poly- 
merase, an enzyme required for DNA repair and genome 
integrity. 32 Recent studies have demonstrated the expres- 
sion of CPP-32 in apoptotic cells of carotid artery 
plaques. 9 Our data not only corroborate these findings 
but also show difFerential expression of CPP-32 in the two 
types of plaques studied. 

Fas is a cellular death domain protein that is activated 
by Fas ligand in the apoptotic pathway 33 » 34 The positive 
expression of Fas/CD95 in atheromatous plaques, as 
compared with its negative immunoreactivity in fibrous 
plaques, was consistent with the greater numbers of apop- 
totic cells observed in these plaques. Because fibrous 
plaques demonstrated no detectable immunopositivity for 
Fas, even after repeated immunohistochemical staining, it 
is possible that cells in the fibrous plaques do not go 
through the same apoptotic pathway as those in athero- 
matous plaques. In the atheromatous plaques, Fas seemed 
to colocalize with inflammatory cells in the necrotic core. 
Scant expression of Fas may be expected because these 
cells are either absent or present in small numbers in 
fibrous plaques. 

Atherosclerotic plaque stability also may depend on the 
structural integrity of its extracellular matrix skeleton. We 
observed increased proteolytic activity in atheromatous 
plaque as compared with fibrous plaques. Reduction of 
ECM, compromising plaque stability, may result from 
either decreased synthesis of ECM by SMCs or its 
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increased breakdown by proteolytic enzymes produced by 
macrophages and other cells in the arterial wall. The loss of 
SMCs could lead to imbalances in the secretion of metal- 
loproteinases and possibly other associated proteases. 
Matrix metalloproteinases have been shown to destabilize 
the atherosclerotic plaques through proteolytic activity, 
leading to degradation of the ECM. 13 - 17 > 20 > 35 Evidence 
exists that proinflammatory molecules stimulate the secre- 
tion of metalloproteinases. 17 ' 19 ' 35 Plaques with reduced 
tensile strength have been shown to have greater density of 
metalloproteinase-producing macrophages. This direcdy 
correlates with reduced collagen and elastin content. 19 In 
view of the fact that atheromatous plaques have large 
amounts of macrophages present in the lipid core as com- 
pared with fibrous plaques, it was hypothesized and con- 
firmed by our data that atheromatous plaques have 
increased levels of proteolytic activity. Zymography 
demonstrated elevated proteolytic activity in the atheroma- 
tous plaques, and the activities were in the 68- to 94-kDa 
range. This observation is comparable to that of several 
previous studies identifying these activities to correspond 
to those of metalloproteinase (MMP)-2 and -9 active and 
latent forms. Because the numbers in this study are small, 
we have not attempted to correlate our data with instabil- 
ity such as cap diinning, plaque necrosis, and hemorrhage. 

The presence of tissue inhibitors of metalloproteinases 
(TIMPs) in the specimens was not examined. Fabunmi et 
al 18 reported that plaques contained abundant amounts of 
TIMP-1, TIMP-2, and TIMP-3 and that macrophages 
and SMCs express these factors. Inflammatory molecules 
augment the levels of TIMP-1 and TIMP-3 but not of 
TIMP-2, suggesting that TIMPs in the plaques and in the 
arterial wall counteract MMP activity to influence plaque 
stability. Thus the role of TIMPs may be a confounding 
factor that deserves consideration. 

The screening of 200 carotid endarterectomy spec- 
imens demonstrated that most of the plaques were of 
the rupture-prone atheromatous type. Conversely, it 
must be noted that there was no significant difference 
in programmed cell death between asymptomatic and 
symptomatic plaques. This may be due to the small 
numbers of patients. However, this finding is in accor- 
dance with those reported previously, which indicated 
that no correlation could be established between clini- 
cal symptoms and specific histologic and biochemical 
characteristics of the plaque. Other investigators have 
found no differences between asymptomatic and symp- 
tomatic groups with respect to plaque hemorrhage, the 
presence of a necrotic core, smooth muscle infiltration, 
and plaque type (fibrous, calcified, or necrotic). M 
Recently, another group found significantly elevated 
levels of MMP 9 but not MMPs 1, 2, or 3 in carotid 
artery specimens, but only in the patients with symp- 
toms within 1 month of surgery. 14 This suggests that 
although plaque composition and structure may deter- 
mine whether a plaque would be symptomatic, other 
factors such as heterogeneity, changes in physical 
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Fig 4. Gelatin zymography of atheromatous and fibrous plaque 
extracts. (Representative zymogram with one atheromatous spec- 
imen extract and one fibrous specimen extract. A total of five 
atheromatous plaques and five fibrous plaques were analyzed.) 
Note prominent bands of gelatinolytic activity in atheromatous 
plaque. Molecular weights are shown on the left. C, Positive con- 
trol; Ath, atheromatous; Fib, fibrous. Activities ranged from 68 to 
94 kDa. 



characteristics of the plaque in response to hemody- 
namic forces, or a combination of factors may play a sig- 
nificant role. 

The pathogenesis of intraplaque events in atheroscle- 
rotic carotid artery plaques remains a matter of debate. 
Our data indicate that plaque instability may be caused by 
programmed cell death of SMCs and inflammatory cells 
along with ECM degradation. The clear differences in the 
degree of apoptosis, level of expression of mediators of 
apoptosis and proteolytic activity between the two groups 
may be correlated with plaque vulnerability. The challenge 
remains to further elucidate molecular events and the 
mechanisms involved to develop future modalities for pre- 
vention of plaque rupture. 
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Expression of apoptosis-related proteins and 
structural features of cell death in explanted 
aortocoronary saphenous vein bypass grafts 



A.Y. Wang*, Y.V. Bobryshev*, S.M. Cherian*. H. Liang*, D. Tran*, SJ. Inder*, 
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2010, Australia and tSchool of Anatomy, The University of New South Wales, Sydney, NSW 
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This study aimed to investigate the features of cell death occurring in aortocoronary saphenous 
vein bypass grafts. Human aortocoronaiy saphenous vein bypass grafts with angiographic luminal 
stenosis of >75% were explanted from 14 patients at redo coronary artery bypass grafting. Pro- 
teins associated with apoptotic pathways were identified immunohistochemically using antibodies 
to Bcl-2, Fas, BAX, p53 and CPP32. Cells undergoing DNA fragmentation were identified by ter- 
minal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL). DNA synthesis was 
investigated using the antibody to proliferating cell nuclear antigen (PCNA). Ultrastructural fea- 
tures of cell death were examined by electron microscopy. Anti-apoptotic (Bcl-2) and pro-apoptotic 
(Bax, p53, CPP32 and Fas) proteins were expressed throughout the graft wall, but marked differ- 
ences in the characteristics of cell death were noted between atherosclerotic and non-atheroscler- 
otic areas of the intima. in atherosclerotic areas, pro-apoptotic proteins were widely expressed, 
but ultrastructural analysis failed to identity cells showing typical features of apoptosis. In these 
areas, necrotic cells were frequently observed, with negative correlation of Bcl-2 expression with 
TUNEL. Pro-apoptotic proteins showed no correlation with TUNEL. In contrast in non-atheroscler- 
otic areas of vein grafts, the expression of both anti-apoptotic (Bcl-2) and pro-apoptotic proteins 
(p53, Bax and CPP32) correlated with TUNEL In atherosclerotic areas, non-atherosclerotic intimal 
areas, and in the underlying media, the numbers of TUNEL+ cells correlated with PCNA posrtivrty. 
Ultrastructurally, apoptotic bodies and features of necrosis were observed in non-atherosclefotic 
areas of grafts. The present observations indicate that in atherosclerotic areas, cell death occurs 
mainly by necrosis, while in non-atherosclerotic areas, cell death occurs by both necrosis and 
apoptosis. An imbalance between DNA fragmentation and DNA synthesis may contribute to graft 
instability and failure. © 2001 The International Society for Cardiovascular Surgery. Published by 
Elsevier Science Ltd. All rights reserved 
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Introduction 

The long-term usefulness of aortocoronary 
saphenous vein bypass grafts (ASVBGs) used as con- 
duits in coronary artery bypass grafting (CABG) is 
limited by a disease complex [1-4] comprised of 
intimal hyperplasia and atherosclerosis [5,6], with 
both processes related to cell death. 

Cell death is a significant event in graft preser- 
vation [7, 8] and rejection [9-15], being recognized 
as a contributing factor to the failure of various 
grafts, including cardiac [16-18], neuronal [15], 
hepatic [14], renal [19] and pancreatic [20] trans- 
plants. Cell death has also been noted in vascular 
diseases [13, 21-25]. Specifically, apoptosis 
(programmed cell death) has been observed in trans- 
plant rejection [9-14] and has recently been reported 
as an important contributor to the formation of pri- 
mary atheromas, restenotic lesions [26-29], and in 
experimental atherosclerotic models [30-34] . 

The present study aimed to investigate the struc- 
tural features of cell death in ASVBGs using immu- 
nohistochemical markers and electron microscopy. 

Materials and methods 

This study was approved by the Institutional Review 
Board of the St Vincent's Hospital, Sydney, Aus- 
tralia. Informed consent was obtained from all 
patients prior to collection of specimens and the 
materials collected in accordance with the principles 
outlined in the Declaration of Helsinki [35]. 

Specimen collection and clinical data 

Human aortocoronary saphenous vein bypass grafts 
with luminal stenosis of >75% as demonstrated by 
angiography, were explanted from 14 patients at 
redo coronary artery bypass graft operation at the St 
Vincent's Hospital, Sydney. The patients (11 male 
and 3 female) were aged between 51 and 75 yr 
(mean age 66.6 yr) with the graft implant time rang- 
ing from 8 to 22 yr (mean 12.9 yr). The clinical 
details of patients are summarized in Table L Some 
of the grafts have been examined previously for the 
presence of dendritic cells [36]. However, in this 
study, different segments of the grafts were used and 
were processed separately. Ten segments of normal 
long saphenous veins were harvested from patients 
undergoing femoro-popliteal bypass graft operation 
that served as a control to compare the degree of 
histological alteration occurring in stenotic 
saphenous vein bypass grafts. 

Tissue preparation 

Areas of macroscopic luminal stenosis affecting 
explanted vein grafts were identified and divided into 
two segments: one to undertake immunohistochemi- 



stry, and the other for electron microscopy. Normal 
veins were similarly divided into two segments. For 
immunohistochemical analysis, the segments were 
fixed in 10% neutral buffered formalin and embed- 
ded in paraffin. Consecutive parallel sections of 5 |xm 
thickness were cut and air-dried. Sections were 
stained with haematoxylin and eosin for routine his- 
tological examination. For transmission electron 
microscopic analysis, adjacent segments were fixed 
in 2.5% glutaraldehyde in 0.1 M phosphate buffered 
saline (pH 7.4). 

Histology and selection of graft areas for 
further quantitative analysis 

Routine microscopic examination of vein grafts dem- 
onstrated two distinct forms of graft occlusion: four 
out of the 14 grafts (29%) resulted from an 
organized fibrotic thrombus, while the remaining 
(7 1 %) were due to the development of atheroscler- 
otic lesions associated with mural thrombosis. For 
quantitative analysis, six specific areas within each 
graft were identified and analyzed. These included 
areas of hyperplastic intima affected by atheroscler- 
osis evidenced by the presence of foam cells. The 
non-atherosclerotic intima was classified into two, 
namely, the cellular and acellular areas. Acellular 
areas were those that consisted primarily of extra- 
cellular connective tissue matrix that contained less 
than 35 cells per microscopic field of 200x200 \im 2 
examined at x400 magnification. Cellular areas were 
those that contained larger numbers of intimal cells 
in comparison to acellular areas, with lower extra- 
cellular matrix content. Cellular and acellular areas 
of the media were similarly selected. Areas of neovas- 
cularization in the media were also analyzed. 

Immunohistochemical examination for the 
expression of apoptosis-related proteins 

Apoptosis-related proteins, including anti-apoptotic 
(Bcl-2) and pro-apoptotic (Fas, p53, BAX and cas- 
pase-3) proteins were detected using monoclonal 
antibodies to Bcl-2, Fas, p53, and BAX, and poly- 
clonal antibody to CPP32 (that labels caspase-3). 
The working concentrations of the antibodies are 
detailed in Table 2. 

Immunohistochemical analysis was carried out 
using the standard avidin-biotin complex (ABC) 
immunoperoxidase technique [37]. Deparaffinized 
sections were treated by boiling in citrate buffer (pH 
6.0) to retrieve antigenicity. All sections were 
blocked with 3% hydrogen peroxide (peroxidase 
blocking) prior to staining. Sections to be stained 
with the antibody to CPP32 were additionally 
blocked with 1% normal goat serum (protein 
blocking). After washing in Tris-buffered saline 
(TBS, pH 7.6), sections were incubated in the pri- 
mary antibody for 60 min, followed by incubation 
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Table 1 Clinical characteristics of aortocoronary saphenous vein bypass grafts 3 



Patient Sex Age 1 st surgery 2nd surgery Mean graft implant Hypercholesterolaemia 

time (years) 



1 M 


73 


1989 


1999 10 


- 


2 F 


71 


1989 


1999 10 


+ 


3 M 


74 


1988 


1999 11 


+ 


4 M 


74 


1978 


1999 21 


+ 


5 F 


71 


1991 


1999 8 




6 M 


75 


1983 


1999 16 


- 


7 M 


69 


1986 


1998 12 




8 M 


64 


1985 


1998 13 


+ 


9 F 


55 


1988 


1998 10 




10 M 


51 


1987 


1998 11 


+ 


11 M 


52 


1990 


1 QQQ Q 


+ 


12 M 


64 


1982 


1 QQQ 1 R 


+ 


13 M 


70 


1985 


l yy© l d 


+ 


14 M 


69 


1977 


1 QQQ 




"Hypercholesterolaemia: +indicates serum cholesterol level >5.5 mmol/1; 


-indicates serum cholesterol level <5.5 mmol/1 




Table 2 Antibodies used in the study 








Designation Type 3 Clone 




Specificity Source 


Working dilution 


PCNA M 


PC10 




Proliferating cell nuclear DAKO 


1:50 








antigen 




sma M 


ASM-1 




Smooth muscle ct-actin Novocastra 


1:25 








(smooth muscle cells) 




CD68 M 


PG-M1 




CD68 DAKO 


1:50 








(macrophages/monocytes) 




CD3 P 






CD3 (T cells) DAKO 


1:500 


Fas M 


FAS9 




FAS receptor Zymed 


1:100 


P53 M 


DO-1 




Transcription factor p53 Immunotech 


1:50 


BAX M 


2D2 




Human BAX protein Zymed 


1:50 


Bcl-2 M 


BC12-100 




Bcl-2 oncogene Zymed 


1:50 


CPP-32 P 






Caspase-3 DAKO 


1:50 



a M - monoclonal antibody; P - polyclonal antibody 



\ in the appropriate secondary antibody (horse anti- 
mouse, Vector BA-2000 or goat anti-rabbit, Vector 
BA-1000) for 20 min, and finally with ABC (Elite 
Vector PK-6100) for 30 min. The immunological 
reaction was visualized by treating in 3,3'-diaminob- 
enzidine (DAB) solution for 2 min, which gave a 
brown colouration. Sections were counterstained 
with Mayer's haematoxylin. For negative control, the 
primary antibody was omitted or the sections treated 
with an immunoglobulin fraction of suitable non- 
immune serum as a substitute for the primary anti- 
body. No positive staining was observed in any of 
the negative control sections. Sections were exam- 
ined under an Olympus microscope at xlOO and 
x400 magnifications. 

In situ analysis of DNA fragmentation 

In situ detection of DNA fragments using TUNEL 
is commonly used to investigate apoptosis [38, 39]. 
During apoptosis, cleavage of genomic DNA yields 
double-stranded, low molecular weight DNA frag- 



ments along with single strand breaks ('nicks') of 
high molecular weight DNA. TUNEL labels these 
DNA strand breaks with modified nucleotides [38, 
39]. However, TUNEL may not only label the early 
stage of orderly DNA fragmentation in apoptosis, 
but also the nuclear breakdown during the later 
stages of necrosis [38, 40]. Hence, although the 
demonstration of DNA fragmentation in atheroscler- 
otic plaques may provide direct evidence for the 
presence of degenerating cells, it does not completely 
discriminate between apoptotic and necrotic cell 
degeneration [38, 40]. To overcome this uncer- 
tainty, in the present study we employed TUNEL 
labelling to localize and quantify cells dying both by 
apoptosis and necrosis with an in situ death detec- 
tion kit (1684817, Boehringer Mannheim), and the 
differentiation carried out by electron microscopy. 
Deparaffinized sections were rehydrated, following 
which they were incubated with proteinase K (20 
H,g/ml in 10m M Tris/HCl, pH 7.4) for 15 min and 
washed with TBS. DNA fragments were labelled 
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Cell Composition in Different Areas 
within Vein Grafts 



(%oftotalcdls per vision MI) 
x, 




Atherosclerosis Acellular Intima Acellular Media 



Cellular Imima Cellular Intima Neovascularization 

AREAS 

Figure 1 Cell composition in different areas of aortocoronary saphenous 
vein bypass grafts 

with fluorescein-dUTP. The terminal transferase 
and the labelled DNA fragments were detected with 
alkaline phosphatase (AP)-conjugated antibody 
against fluorescein. Fast red was used as the sub- 
strate solution, rendering a pink colour to labelled 
nuclei. 



Immunohistochemical analysis of DNA synthesis 

DNA synthesis was identified using the monoclonal 
antibody to proliferating cell nuclear antigen (anti- 
PCNA), employing the ABC immunoperoxidase 
technique [37] as described earlier. 

Identification of different cell types 

Cell type specific antibodies, including anti-CD68 
(to identify macrophages), anti-CD3 (T- 
lymphocytes) and anti-a-SMA (smooth muscle actin 
to identify smooth muscle cells), were used. The 
working concentrations of the antibodies are detailed 
in Table 2. 

Quantification and statistics 

In every specimen, the expression of apoptosis- 
related proteins, the numbers of TUNEL+ cells, 
PCNA+ cells, and the cellular composition were 
evaluated on consecutive sections in each of the six 
areas, namely (1) atherosclerotic areas, (2) cellular 
and (3) acellular non-atherosclerotic hyperplastic 
intima, (4) cellular and (5) acellular areas of the 
media, and (6) areas of neovascularization in the 
media. In each area, the total cell number and the 
number of cells stained by peroxidase/AP 
(brown/pink staining) were counted at a high magni- 
fication (x400) in five randomly chosen fields from 
each section. The average cell counts of the cellular 
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Figure 3 DNA fragmentation (A) and DNA synthesis (B) in aortocoronary 
saphenous vein bypass grafts. Numerous TUNEL+ (A) and PCNA+ (B) cells 
are evident in the cellular intima. (A): TUNEL immunoreactivity in the non- 
atherosclerotic cellular intima. (B): PCNA positivity around inflammatory 
infiltrates at the base of the non-atherosclerotic cellular intima. TUNEL — 
In Situ Death Detection Kit AP; PCNA — ABC immunoperoxidase tech- 
nique. Counterstaining with Mayer's haematoxylin. (A.B) x100 

and acellular intima in each specimen were taken to 
be the count of the intima for that specimen for each 
variable. Similarly, the average values of the cellular 
and acellular media were taken to be the count of 
the media for that specimen for each variable. All 
variables were presented as a percentage of the total 
number of cells in that area. 

Differences in mean were determined by the Stud- 
ent's r-test. A value of P<0.05 was considered sig- 
nificant. Correlation between groups was determ- 
ined by Pearson's rank correlation coefficient. SPSS 
program (version 7.0, Educational Edition) was used 
to obtain statistical calculations. 

Electron microscopy 

For ultrastructural analysis, the specimens were cut 
transversely into small pieces of 2-3 mm through all 
the layers of the vessel (tunica intima, media and 
adventitia), and postfixed in 1% osmium tetroxide. 
Specimens were dehydrated in graded ethanol before 
embedding in Araldite resin. Semithin sections were 
stained with Toluidine blue, and analysed for sel- 
ecting areas for ultrathin sectioning. Ultrathin sec- 



tions stained with uranyl acetate and lead citrate 
were examined with the aid of a Hitachi H7000 elec- 
tron microscope at an accelerating voltage of 75 kV. 

Results 

Cellular density 

In general, the cellular density was higher in the 
intima than in the media. In atherosclerotic plaques, 
cells of macrophage origin (CD68+) were the major 
cell type (mean 63.8914.95%, range 33.3-87.0%; 
Figure 1) with most exhibiting a foam cell appear- 
ance. The percentages of T-lymphocytes and smooth 
muscle cells in plaques varied from 0 to 45.8% 
(mean 20.7313.24%), and from 0 to 65.4% (mean 
25.51±5.66%) respectively (Figure 1). In non-athero- 
sclerotic intimal areas, smooth muscle cells were the 
predominant cell type (mean 41.23±3.00%, range 
19.7-68.9%; Figure 1). Similarly, in the media, 
smooth muscle cells were the major cell type (mean 
39.82±4.57%, range 1.0-68.1%; Figure i). 

Expression of apoptosis-related proteins 

Anti-apoptotic (Bcl-2) and pro-apoptotic (p53, Fas, 
Bax and CPP-32) proteins were expressed in all areas 
of grafts. A high level of Bcl-2 positivity was found in 
atherosclerotic plaques (mean 35.32±9.00%, range 0- 
90.5%), approximately 6.1 times higher than in the 
adjacent intima (mean 5.6812.1%; range 0-20.0%) 
and media (mean 5.8±1.38%, range 0-14.8%). p53 
expression was localized in cellular areas of the intima 
[mean 22.6413.95%, range 2.2-44.0%; Figure 2(A)], 
High levels of p53 immunostaining were also observed 
in the atherosclerotic areas [mean 19.06±5.48%, range 
0-^42.2%; Figure 2(B)] and were four times higher 
than that in the media (mean 4.64±1.45%, range 0- 
13.5%). Bax immunoreactivity was most prominent in 
the non-atherosclerotic cellular intima [mean 
52.17±7.19%, range 0.7-91.8%; Figure 2(C)]. In 
atherosclerotic areas, its expression was 
40.36±4.10% [range 24.5-70.4%; Figure 2(D)], while 
in the media, only 11.05±2.8% of cells expressed Bax 
(range 0.3-26.1%). CPP32+ cells were mostly located 
in the cellular intima (mean 32.18±5.13%, range 8.1- 
61.0%). In atherosclerotic areas, 28.85±2.41% of cells 
showed positivity (range 11.4-38.7%), while the least 
expression of CPP32 was observed in the media 
(mean 8.42±2.61%, range 0-23.0%). In all areas of 
grafts, Fas expression was lower when compared to all 
other pro-apoptotic proteins, being 5.57±2.94% 
(range 0-33%) in atherosclerotic areas, 3.8111.87% 
(range 0-17.5%) in the non-atherosclerotic intima, 
and <0.01% in the media. 

In control veins, the expression of all apoptosis- 
related proteins that were studied was either absent 
or very low (<0.5%). 
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Figure 4 Correlations between TUNEL+ and PCNA+ cells in atherosclerotic areas (A), the intima (B) and the media (C) of aortocoronary saphenous vein 
bypass grafts, using Pearson correlation coefficient and Student's t-test P values <0.05 were taken as being significant 



TUNEL+ cells and PCNA+ cells 

TUNEL+ cells were distributed unevenly through- 
out the graft wall. 28.67±6.56% of cells stained posi- 
tive for TUNEL in atherosclerotic areas (range 1.0- 
58.4%). Aggregates of TUNEL+ cells were mostly 
present around the necrotic core and these aggre- 
gates were usually localized only at one pole rather 
than being evenly distributed around the necrotic 
core. There were approximately 1.6 times higher 
numbers of TUNEL+ cells in the non-atheroscler- 
otic intima [mean 27.01±4.63%, range 3.0-54.3%; 
Figure 3(A)] than in the media (mean 
18.73±2.94%, range 2.0-37.7%). In control veins, 
very scarce or no TUNEL-labelled nuclei were 
detected (<0.01%). 

DNA synthesis as demonstrated by PCNA 
expression in control veins was either absent or very 
rare (<0.01%), while in the vein grafts, a large num- 
ber of cells were PCNA+ [Figure 3(B)], In atheros- 
clerotic areas, the number of PCNA+ cells ranged 
from 0 to 69.5% (mean 25.55±6.04%). The non- 



atherosclerotic intima had a slighdy greater pro- 
portion of PCNA+ cells than the media ( 
27.26±2.56% in the intima vs 24.41+3.75% in the 
media). Most PCNA+ cells were located in areas of 
neovascularization in the media (mean 
53.00±7.18%, range 6.3-77.9%) where the percent- 
age of PCNA+ cells was approximately twice as high 
as that in the intima and media. 

Correlation between TUNEL+ cells, PCNA+ 
cells and apoptosis-related protein expression 

The number of TUNEL+ cells strongly correlated to 
the number of PCNA+ cells in atherosclerotic areas 
[r = 0.961, P<0.001; Figure 4(A)] and in the non- 
atherosclerotic intima [r= 0.810, P<0.001; Figure 
4(B)], Similarly, there was positive correlation 
between TUNEL and PCNA immunoreactivities in 
the media [r= 0.873, P<0.001; Figure 4(C)], How- 
ever, no correlation was noted between the number 
of TUNEL+ and PCNA+ cells in areas of neovascu- 
larization. In these areas, DNA synthesis was notably 
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Figure S Correlations between TUNEL+ cells and apoptosis-related protein expressions in different areas within aortocoronary saphenous vein bypass 
grafts. Negative correlations between TUNEL and Bcl-2 positivities were observed in the media (A). In contrast TUNEL correlated directly with Bax (B) 
and CPP-32 (C) in the media. P values <0.05 were taken as being statistically significant 



higher in comparison to all other areas, but only few 
cells undergoing DNA fragmentation were observed. 

Strong negative correlation was observed between 
Bcl-2+ cells and TUNEL+ cells in atherosclerotic 
areas (r = -0.671, P<0.05). A strong positive corre- 
lation was observed between the numbers of 
TUNEL+ cells and p53+ cells in cellular areas of the 
intima (r = 0.736, P<0.005). In the media, there was 
negative correlation between TUNEL+ cells and 
Bcl-2+ cells [r= -0.731, P<0.007; Figure 5(A)], 
while TUNEL+ cells correlated positively with both 
Bax+ cells [r = 0.872, P<0.001; Figure 5(B)] and 
CPP32+ cells [r = 0.791, P<0.001; Figure 5(C)]. 

Electron microscopic analysis 

Ultrastructural analysis of atherosclerotic and non- 
atherosclerotic intima of grafts demonstrated large 
number of cells showing signs of cellular destruction 
that included features of perinuclear membrane rup- 
ture, plasmalemmal degeneration, and oedema of 



the cytoplasm [Figure 6(A,B)]. In non-atheroscler- 
otic areas within the hyperplastic intima as well as 
in the underlying media, some cells contained con- 
densed and fragmented chromatin within the intact 
cytoplasm [Figure 7(A)]. In other cells, the entire 
cytoplasm including the chromatin was fragmented 
[Figure 7(B)], In these cells, the cytoplasmic frag- 
ments were surrounded by an intact membrane and 
contained intact mitochondria [Figure 7(B)]. 
Accumulation of these nuclear remnants and cyto- 
plasmic fragments within macrophages was observed 
in the hyperplastic non-atherosclerotic intima [Figure 
8(A,B)]. In contrast, no chromatin fragmentation 
and no formation of apoptotic bodies were observed 
in atherosclerotic areas. 

Discussion 

The present immunohistochemical observations 
demonstrated that pro-apoptotic proteins were 
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Figure 6 Necrotic alteration in cells located in atherosclerotic areas of 
aortocoronary saphenous vein bypass grafts. (A): Destructive changes in 
the nuclear membrane (large solid arrows) and their plasmalemma (open 
arrows) in a foam cell. Small solid arrows show swollen mitochondria con- 
taining destroyed cristae. 'Lipid droplets' are marked by asterisks. (B): 
Destruction of the nuclear membrane and distortion of the chromatin 
within a cell which is characterized by the presence of intact cytoplasm. 
Electron micrographs. Magnifications x7100; x9600 



widely expressed in stenotic saphenous vein bypass 
grafts and corresponded to DNA fragmentation as 
assessed by the TUNEL method. Statistical analysis 
showed a positive correlation between cell death and 
DNA synthesis (P<0.001). In primary atheroscler- 
osis, the degree of cell death relates to the disease 
state [41, 42] with the percentage of TUNEL+ cells 
ranging from 2 to 40% [41, 42] . In the present analy- 
sis, 10 of 14 grafts (71%) failed due to long-term 
atherosclerotic degeneration complicated by throm- 
bosis. In these grafts, TUNEL-positivity in atheros- 
clerotic areas was relatively high. 

The percentage of PCNA+ cells in vein grafts was 
higher when compared to that of primary atheromas 
[43]. The high numbers of TUNEL+ cells and 
PCNA+ cells observed in our study suggests an 
increased cell turnover in vein grafts. This increase in 
cell turnover may contribute towards the accelerated 
atherosclerotic changes, leading to eventual graft fail- 
ure. The incidence of cell death was noted to be 




Figure 7 Apoptotic alterations of cells located in the deep portion of the 
hyperplastic intima of aortocoronary saphenous vein bypass grafts. (A): 
Condensation and fragmentation of chromatin (arrows) in a cell which is 
characterized by intact cytoplasm. (B): Fragmentation of condensed 
chromatin (asterisks) and fragmentation of the cytoplasm. Note that cyto- 
plasmic fragments are surrounded by an intact membrane and are located 
in the extracellular intimal matrix. An intact mitochondrion in a cytoplasm 
fragment is shown by arrow. Electron micrographs. Magnifications: 
X7100; x9600 



higher in atherosclerotic areas when compared to the 
non-atherosclerotic intima, implying that cell death 
may contribute to graft instability due to the forma- 
tion and enlargement of acellular necrotic cores. 

The micro-environmental factors that initiate cell 
death in atherosclerosis are unclear. Our study 
clearly demonstrated that large numbers of 
TUNEL+ cells were located near the necrotic core 
of atherosclerotic lesions. Ultrastructural observation 
of typical necrotic (hypoxic) features suggests that 
oxidative stress, responsible for the generation of oxi- 
dized lipids and free radicals in the plaque, may be 
involved in the initiation of cell death in the graft 
wall. PCNA+ cells exceeded the number of 
TUNEL+ cells by two-fold and was markedly higher 
than in the primary atheroma. This is probably asso- 
ciated with vein graft arterialization and DNA syn- 
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Figure 8 Cell remnants (apoptotic bodies) (arrows) within macrophages 
in the deep portion of the hyperplastic intima in aortocoronary saphenous 
vein bypass grafts (A,B). Electron micrographs x7100; x4200 



thesis in the medial smooth muscle cells, further con- 
tributing to graft instability and enhancing failure. 

In the media, typical ultrastructural features of 
both apoptosis and necrosis were evident. Both Bax+ 
and CPP32+ cells strongly correlated with TUNEL+ 
cells. However, the extent of these pro-apoptotic 
protein expressions was generally lower than the 
TUNEL-positivity. Anti-apoptotic protein (Bcl-2) 
expression correlated inversely with TUNEL+ cells, 
while p53 expression, although present, showed no 
correlation with TUNEL+ cells, suggesting that 
there exists a complex interaction between pro- and 
anti-apoptotic proteins that may regulate apoptotic 
pathways in the vein graft. 

Conclusion 

The aetiology of long-term ASVBG failure is probably 
multifactorial and is yet to be fully determined [6]. 
Our observations indicate that DNA fragmentation 
and synthesis in both atherosclerotic and non-atheros- 
clerotic areas of vein grafts are higher when compared 
to normal saphenous veins. In atherosclerotic areas of 



stenotic saphenous vein bypass grafts, cell death 
occurs mostly by necrosis despite a high expression of 
pro-apoptotic proteins. In non-atherosclerotic areas of 
the grafts, including the hyperplastic intima and the 
media, cell death occurs by apoptosis and necrosis. 
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► Abstract 



Background — Molecular mechanisms underlying the deterioration of patients 
undergoing LV assist device (LVAD) implantation remain poorly understood. 
We studied the cytokines tumor necrosis factor (TNF)-a and interleukin (IL)-IB 
and IL-6 and the terminal stage of the apoptotic pathway in patients with 
decompensating heart failure who required LVAD support and compared them 
with patients with less severe heart failure undergoing elective heart transplantation. 

Methods and Results — Myocardial and serum samples from 23 patients undergoing LVAD 
implantation were compared with those from 36 patients undergoing elective heart 
transplantation. Myocardial TNF-<* mRNA (1.71-fold; P<0.05) and protein (3.43±0.19 versus 
2.95±0.10 pg/mg protein; P<0.05) were elevated in the LVAD patients. Immunocytochemistry 
demonstrated TNF expression in the myocytes. Serum TNF-or was also elevated (12.5±L9 versus 
4.0±0.4 pg/mL; P<0.0001) in the LVAD patients. IL-6 mRNA (2.57-fold higher; P<0.005) and 
protein (27.83±9.35 versus 4.26±1.24 pg/mg protein; P<0.001) were higher in the LVAD 
candidates, as was serum IL-6 (79.3±23.6 versus 7.1±1.6 pg/mL; P<0.0001). Interleukin- IB 
mRNA expression was 9.78-fold higher in the LVAD patients (P<0.001). iNOS mRNA 
expression was similar to that in advanced heart failure patients and was not further elevated in 
the LVAD patients. Levels of procaspase-9 (8.02±0.91 versus 6.16±0.43 oligodeoxynucleotide 
[OD] units; P<0.01), cleaved caspase-9 (10.02±1.0 versus 7.34±0.40 OD units; P<0.05), intact 
and spliced DFF-45 (4.58±0.75 versus 2.84±0.23 OD units; P<0.05) were raised in LVAD 
patients, but caspase-3 and human nuclease CP AN were not. 

Conclusions — Elevated TNF-a, IL-18, and IL-6 and alterations in the apoptotic pathway were 
found in the myocardium and elevated TNF-a and IL-6 in serum of deteriorating patients who 
required LVAD support. These occurrences may have therapeutic implications and influence the 
timing of LVAD insertion. 

Key Words: heart-assist device • interleukins • heart failure • nitric oxide synthase 

► Introduction 



Left ventricular assist devices (LVADs) have become an established treatment 
for patients with severe heart failure. Molecular mechanisms underlying the 
decompensation of heart failure remain poorly understood. Understanding the 
mechanisms involved may help with decisions about timing of LVAD 
implantation and identifying new therapeutic targets in advanced heart failure. 
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Expression of the proinflammatory cytokine tumor necrosis factor (TNF)-a has been described in 

1-5 

patients with chronic heart failure both in serum and myocardium, and serum levels have been 

2 

found to correlate with functional status. TNF-a has been shown to produce myocardial 

2,3,6 

depression both in in vitro and in vivo models. Interleukin (IL)-6 also is elevated in 

myocardium and serum of patients with heart failure, and levels correlate with poor functional 

1,3,7,8 9,10 
status. IL-16 is known to cause myocardial depression in vivo and acts synergistically 

10 

with TNF-a, but its role in heart failure is unclear. 

TNF-a and EL- 18 can activate inducible nitric oxide synthase (iNOS), and their negative inotropic 

11 

effect can be mediated through iNOS induction. iNOS expression has been described in 

4 

patients with heart failure. iNOS is a potent producer of nitric oxide, which can have a negative 

12,13 

inotropic effect. TNF-a and IL-16 also can induce apoptosis of cardiac myocytes, whereas 

14,15 

IL-6 has antiapoptotic effects. 

Apoptosis is tightly regulated by the caspases, which initially are translated as inactive 
proenzymes and are subsequently cleaved to become active. In the end stage of the apoptotic 
pathway, release of cytochrome c from the mitochondrion activates procaspase-9 to caspase-9, 

which, in turn, activates procaspase-3 to caspase-3. Caspase-3 activates DNA fragmentation 

16 

factor, a heterodimer that consists of the active capase-activated nuclease (CPAN)/DFF-40 

complex, a 40-kDa nuclease, and DFF-45, its 45-kDa inhibitor. Caspase-3 cleaves DFF-45 from 

16,17 

the CPAN/DFF-40-DFF-45 complex and generates the functionally active CPAN nuclease, 

18 

which induces chromatin condensation and DNA fragmentation. Poly(ADP-ribose) polymerase 
(PARP), a DNA repair enzyme, is inactivated by caspase-3, which contributes to the demise of 

the cell. Our group and others have previously demonstrated evidence of activation of the 

12,20 

apoptotic pathway in advanced heart failure. 

These mechanisms all could contribute to decompensation of patients with advanced heart 
failure, who then require LVAD support. To investigate this hypothesis, we have quantified 
myocardial TNF-a, IL-16, and IL-6 expression; circulating TNF-a, its receptors, and IL-6; and 
myocardial expression of iNOS and of caspases in the terminal stage of the apoptotic pathway in 
patients who require insertion of an LVAD and compared them with patients with stable 
advanced heart failure awaiting heart transplantation. Our aim was to characterize better patients 
for which the findings could have implications for their management and to help to understand 
factors that could influence progression of heart failure. 



► Methods 

Patients ^ Top 
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Protocol for the present study was approved by the Royal Brompton and 
Harefield Research Ethics Committee. Informed consent was obtained from 
each patient. 



A Abstract 
Introduction 



• Methods 
▼ Results 
v Discussion 



LVAD Patients 



▼ References 



The present study included 23 consecutive patients who required LVAD " 
implantation because of deteriorating clinical status with evidence of secondary organ 
dysfunction in the context of low cardiac output (cardiac index <1.8), despite having been given 
appropriate medical treatment (including inotropes and intra-aortic balloon pump). 

Serum markers were studied in all 23 patients (male, n=20; female, n=3; age range, 14 to 58 
years; mean age 37±3.1 years). Patients were diagnosed as having dilated cardiomyopathy 
(n=17), ischemic heart disease (IHD; n=2), IHD with postinfarct ventriculoseptal defect rupture 
(n=2), postpartum cardiomyopathy (n=l), or congenital heart disease (n=l). All were patients in 
New York Heart Association (NYHA) class IV and had deteriorated over a period of 3.2±0.6 
days. Mean pulmonary capillary wedge pressure (PCWP) was 26.0±2.1 mm Hg. Mean LV end 
diastolic diameter (LVEDD) was 73.8±6.0 mm, and LV end-systolic diameter (LVESD) was 
68.6±6.3 mm. Blood was collected from each patient immediately before insertion of the device. 

Myocardial markers were studied in the first 13 of 23 patients (male, n=10; female, n=3; age 
range, 14 to 58 years; mean age, 35.5±4.1 years). These patients were diagnosed as having dilated 
cardiomyopathy (n=ll), ischemic heart disease with postinfarct ventriculoseptal defect rupture 
(n=l), or postpartum cardiomyopathy (n=l). All were in NYHA class IV with a history of 
deterioration over a period of 2.3±0.6 days. Mean PCWP was 27.3±2.5 mm Hg. Mean LVEDD 
was 75.5±7.9 mm, and LVESD was 64.8±9.8 mm. A core of myocardium from the apex of the 
LV was taken at the time of LVAD insertion, instantly frozen in liquid nitrogen, and stored at - 
80°C for subsequent analysis. 

Heart Failure Patients 

Patients with less-severe heart failure who were undergoing heart transplantation and did not 
meet our criteria for LVAD implantation acted as controls. Serum markers were studied in 17 
patients (men, n=14; women, n=3; age range, 22 to 64 years; mean age, 46.1±3.3 years). NYHA 
class was III in 13 and IV in 4. Patients were diagnosed as having dilated cardiomyopathy (n=9), 
ischemic heart disease (n=7), or postpartum cardiomyopathy (n=l). Mean PCWP was 25.4±2.2 
mm Hg, mean LVEDD was 70±2 mm, and mean LVESD was 61.2±3 mm. 

Myocardial markers were studied in 36 patients (male, n=30; female, n=6; mean age, 46±3.4 
years). NYHA class was HI in 31 and IV in 5. Patients were diagnosed as having dilated 
cardiomyopathy (n=18), ischemic heart disease (n=15), postpartum cardiomyopathy (n=2), or 
myocarditis (n=l). Mean PCWP was 21.9±1.5 mm Hg, mean LVEDD was 71.4±2.6 mm, and 
mean LVESD was 62.6+2.5 mm. A sample of LV near the apex was taken at the time of 
transplantation, instantly frozen in liquid nitrogen, and stored at -80°C for subsequent analysis. 
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For all LVAD and heart failure patients, blood was spun within 4 hours of collection at 2500 rpm 
for 10 minutes, and serum supernatant was stored at -40°C for analysis. 

Methods 

Cytokines 

Real-Time Quantitative Reverse Transcription- F Polymerase Chain Reaction 

21 

TNFa, EL- IB, IL-6, and iNOS mRNA were detected by polymerase chain reaction (PCR) 
amplification, quantified by 5' nuclease assay with fluorescence-labeled TaqMan probes and 
analyzed by use of real-time quantitative PCR as follows. Total RNA was extracted by use of 
Qiagen Inc RNeasy minicolumns and eluted in diethylpyrocarbonate-treated cLE^O. RNA quality 

and quantity was assessed by EtBr-agarose gel electrophoresis and by relative absorbance at 260 
versus 280 nm. cDNA was synthesized from 150 ng of total RNA by use of the PE Biosy stems 
reverse-transcriptase kit with random hexamer primers. Reactions were diluted to 100 /xL. 
Primers and TaqMan probes for human IL-6 and iNOS were designed. Primer Express software 
(PE Biosystems) was used to design the IL-6 probe from a published mRNA sequence 
(EMBL/GenBank accession No. M54894 ), which gave an amplicon size of 96 bp with the 
TaqMan probe straddling the exon-exon junction (forward primer [Tm=58°C], 5 1 - 
TGACAAACAAATTCGGTACATCCT-3'; reverse primer [Tm=60°C], 5'- 
AGTGCCTCTTTGCTGCTTTCAC-3'; TaqMan probe [Tm=68°C] 5 f - 
TTACTCTTGTTACATGTCTCCTTTCTCAGGGCTG-3 , ). The iNOS probe designed was 5'- 
CACCATAAGGCCAAAGGGATTTTAACTTGCAG-3' (Tm=70°C), the forward primer was 5'- 
AGCGGGATGACTTTCCAAGA-3' (Tm=58°C), and the reverse primer was 5'- 
TAATGGACCCCAGGCAAGATT-3' (Tm=59°C). 

v 

Perkin-Elmer primers and TaqMan probes for TNF-a and IL-8 were used. PCR reactions were 
performed by use of an ABI-prism 7700 sequence detector. PCR amplifications were performed 
in a 25-mL volume that contained a 2.5-mL cDNA template in 2x PCR Master Mix (PE 
Biosystems) at 50°C for 2 minutes and 95°C for 10 minutes followed by 40 cycles of 95°C for 15 
s and 60°C for 1 minute. Results were analyzed by use of Sequence Detection Software (PE 
Biosystems), and the level of expression of TNF-a, IL-16, IL-6, and iNOS mRNA was 
normalized to 18S rRNA as outlined in User Bulletin No. 2 provided by Perkin-Elmer. 

Myocardial Immunoassay 

Protein was extracted from myocardial tissue. Protein preparations were made by homogenizing 
myocardial biopsies in 20 mmol/L of HEPES and 1.5 mmol/L of EDTA solution that contained 
protease inhibitors aprotinin, leupeptin, DTT, and phenylmethylsulfonyl fluoride. Concentrations 
of TNF-a and IL-6 were determined by use of commercially available immunoassay kits 
(Quantikine HS, R&D Systems). 

lmmunocytochemistry 

Immunocytochemistry was performed on formalin-fixed paraffin-embedded sections to localize 
TNF-a and iNOS expression. Avidin-biotin-peroxidase complex method was used. Endogenous 
peroxidase was blocked with a solution of 0.03% vol/vol hydrogen peroxide in methanol for 20 
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minutes. After incubation with normal goat serum (1:30 for 30 minutes), sections were incubated 
overnight at 4°C with primary rabbit antibodies to TNF-a (Antigenex America Inc) diluted 1:100 
and incubated overnight with primary rabbit antibodies to iNOS (Transduction Labs) diluted 
1:400. Immunoreaction sites were visualized by use of appropriate biotinylated secondary 
antibodies and the avidin-biotin-peroxidase complex procedure (Vector Labs). Peroxidase 
activity was revealed with a solution of diaminobenzidine as chromogen with 0.2% vol/vol 
hydrogen peroxide in PBS to produce a brown reaction product and sections counterstained with 
Harris' hematoxylin. Controls consisted of replacement of primary antibodies with nonimmune 
rabbit serum. Staining was graded 0 to 3 by two blinded independent observers. 

Serum Immunoassay 

Measurements of TNF-<*, its receptors TNF-R1 and TNF-R2 and IL-6 were performed by use of 
commercially available immunoassay kits (Quantikine HS, R&D Systems). 

Apoptotic Pathway 

SDS-PAGE and Western Blotting 

Myocardial tissue was homogenized in 1% SDS, 40 mmol/L phenylmethylsulfonyl fluoride, and 
total protein homogenates (30 fig) separated on 12%-T SDS-PAGE gels with a 3%-T stacking 
gel. Gels were equilibrated for 30 minutes in transfer buffer (20 mmol/L Tris base and 150 
mmol/L glycine) and electrophoretically transferred to supported nitrocellulose (Hybond C 
Super) at 500 mA for 1 hour. 

Detection of Cellular Proteins 

Nitrocellulose membranes were blocked with 3% non-fat dried milk in PBS that contained 0.05% 
Tween 20 for 1 hour and then probed with primary antibodies against caspase-9, caspase-3, and 
substrates (PARP and DFF; Santa-Cruz Biotechnology). After they were washed, blots were 
incubated for another 1 hour in horseradish peroxidase-conjugated secondary antibodies (Dako). 
Protein bands were visualized by use of the Supersignal Ultra chemiluminescence substrate 
(Pierce). 

Stripping Membranes 

To stain tubulin after probing, blots were incubated in stripping solution (100 mmol/L 2- 
mercaptoethanol, 2% vol/vol SDS, and 62.5 mmol/L Tris-chloride; pH 6.7) for 30 minutes at 56° 
C. Membranes were washed and probed by use of tubulin with secondary horseradish peroxidase- 
conjugated antibodies. Reactive bands were detected as before. 

Densitometry 

Levels of expression of the procaspases, active caspases, and their substrates as assessed by 
immunoreactivity on ECL films was quantitated by laser densitometry and standardized to 
tubulin reactivity in each respective lane. Densitometric analysis was performed with Quant One 
software on a SunSparc station. 

Cell Culture 

Human U-937 myeloid leukemic cell line, treated separately with TNF-or at 4 mg/mL or 
staurosporine 1 jttmol/L for 4 hours, and Jurkat T lymphoblastoid cell line, treated with 1 /Ltmol/L 
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of staurosporine for 6 hours, were used as positive controls. 
Statistical Analysis 

Variables are expressed as mean±SEM. Significance was assessed on grouped data with either 
Student's t test or nonparametric Mann-Whitney U test. A P value <0.05 was considered 
significant. 

► Results 

Cytokines 

Myocardium 

Tumor Necrosis Factor-a 

TNF-<* mRNA expression in myocardium of LVAD patients at time of 
implantation was 1.71 -fold higher than in stable advanced heart failure patients 
(P<0.05, Fi gure 1A ). TNF-<* protein content in myocardium of LVAD 
candidates (3.43±0.19 pg/mg protein) was also higher than in advanced heart failure (2.95±0.10 
pg/mg protein; P<0.05, Figure 1B V Myocardial TNF-a protein was slightly higher in those who 
died after LVAD implantation (3.57±0.2 pg/mg protein) compared with those who survived >1 
year (3.1±0.2 pg/mg protein), although this did not reach statistical significance (P=NS). 

Figure 1. Advanced heart failure patients awaiting 
transplantation vs deteriorating patients undergoing 
LVAD implantation: A, myocardial TNF-a mRNA 
measured by quantitative real-time RT-PCR; B, 
myocardial TNF protein. Immunocytochemistry 
demonstrates greater TNF-a expression in myocytes 
from deteriorating patients who require LVAD (C) than 
from those in stable heart failure (D). E, Serum TNF-a. 
Tx indicates transplantation. 



TNF-a Immunocytochemistry 

TNF-a expression was immunolocalized predominantly to cardiac myocytes, although expression 
also was seen in endothelial cells and vascular smooth muscle cells of blood vessels. Myocyte 
expression of TNF-a in the LVAD candidates was significantly greater (mean score, 1.75±0.20) 
than in advanced heart failure patients (mean score, 1.1 ±0.16; P<0.05, Fi gures 1C and ID ). 

lnterleukin-6 

IL-6 mRNA expression in myocardium at time of LVAD implantation was 2.57-fold higher than 
in stable advanced heart failure patients (P<0.005, Fi gure 2A ). Myocardial IL-6 protein content 
also was significantly higher in LVAD candidates (27.83±9.35 pg/mg protein) compared with 
advanced heart failure patients (4.26±1.24 pg/mg protein; P<0.001, Fi gure 2B ). Myocardial IL-6 
protein was significantly higher in those who died after LVAD implantation (38.94±12.34 pg/mg 
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protein) compared with those who survived >1 year (5.60±1.64 pg/mg protein; P<0.005). These 
deaths occurred in patients who were on the device; no transplant-related deaths occurred). 

Figure 2. Advanced heart failure patients awaiting transplantation 
vs deteriorating patients undergoing LVAD implantation: A, 
myocardial IL-6 mRNA measured by quantitative real-time RT- 
PCR; B, myocardial IL-6 protein content; C, serum IL-6. 



View larger version 

(12K): 
[in this window] 
[in a new window] 

Interleukin-lfi 

IL-18 mRNA expression was 9.78-fold higher in LVAD candidates than in stable advanced heart 
failure patients (9.78±0.36 versus 1±0.23; P<0.001, Figure 3 ). IL-18 was 1.4-fold higher in those 
who died after LVAD implantation than in those that survived, but this did not reach statistical 
significance. 

Figure 3. Myocardial IL-16 mRNA levels in advanced 
heart failure patients awaiting transplantation vs 
deteriorating patients undergoing LVAD implantation. 



View larger version (12K): 
[in this window] 
[in a new window] 

Inducible Nitric Oxide Synthase 

iNOS mRNA expression in LVAD candidates (0.81±0.19) was elevated to a level similar to that 
seen in advanced heart failure (1±0.27), but iNOS mRNA was no higher in deteriorating patients 
compared with heart failure patients (Figure 4A ). 
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Figure 4. A, Myocardial iNOS mRNA levels in deteriorating patients 
undergoing LVAD implantation are no higher than in stable advanced 
heart failure patients awaiting transplantation. B, 
Immunocytochemistry showing strong iNOS expression in blood 
vessels of many of the LVAD patients with slightly greater myocyte 
expression than in (C) advanced heart failure patients. 



iNOS Immunocytochemistry 

Significantly more iNOS expression was seen in blood vessels of the LVAD candidates (vascular 
smooth muscle staining, 1.75±0.19 versus 0.75+0.17; P<0.005, Figures 4B and 4C ). and slightly 
more iNOS staining was seen in myocytes of LVAD candidates (2.35±0.15 versus L93±0.13; 
which only just reached statistical significance; P<0.05). 

Serum 

Serum TNF-a 

Serum TNF-a was significantly higher in LVAD candidates (12.5±1.9 pg/mL, n=23) compared 
with stable advanced heart failure patients (4.0±0.4 pg/mL, n=17; P<0.0001, Figure IE ). 

Serum TNF-R1 and TNF-R2 

No significant difference was seen between serum TNF-R1 levels in LVAD candidates (2.9±0.6 
ng/mL, n=23) and stable advanced heart failure patients (2.8±0.3 ng/mL, n=17; P=NS). Serum 
TNF-R2 levels also were no higher in LVAD candidates (6.9±1.1 ng/mL, n=23) than in advanced 
heart failure patients (9.0±0.8 ng/mL, n=17; P=NS). 

Serum IL-6 

Serum IL-6 was higher in LVAD candidates (79.3±23.6 pg/mL, n=23) than in advanced heart 
failure patients (7.1±1.6 pg/mL, n=17; P<0.0001; Figure C ). 

Apoptosis 

Caspase-9 

Caspase-9 antibody recognizes the intact 46- to 48-kDa protein and the cleaved 37-kDa subunit. 
Levels of 46-kDa procaspase-9 were higher in LVAD candidates (8.02±0.91 
oligodeoxynucleotide [OD] units) than in advanced heart failure patients (6.16±0.43 OD units; 
P<0.01, Figure 5A ). Expression of 37-kDa cleaved caspase-9 was significantly higher in LVAD 
candidates (10.02±1.0 OD units) than in stable heart failure patients (7.34±0.40 OD units; 
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P<0.05, Fi gure 5B ). 

Figure 5. Expression of procaspase-9 and cleaved caspase-9 in 
stable advanced heart failure patients awaiting transplantation vs 
deteriorating patients undergoing LVAD implantation. 



View larger version 

(14K): 
[in this window] 
[in a new window] 

Caspase-3 

Caspase-3 antibody recognizes the intact 32-kDa protein and the 2 cleaved subunits of 1 1 and 20 
kDa. Levels of procaspase-3 were not higher in LVAD patients (9.62±0.5 OD units) than in 
advanced heart failure patients (9.78±0.5 OD units; P=NS). 

Poly(ADP-Ribose) Polymerase 

PARP antibody recognizes both full-length 116-kDa protein and the cleaved 85-kDa fragment. 
Levels of intact PARP were not significantly higher in LVAD candidates (0.37±0.08 OD units) 
than in stable advanced heart failure patients (0.27 ±0.05 OD units). 

DFF-45 

DFF-45 antibody (K-17) recognizes the intact 45-kDa inhibitor, the spliced 35-kDa product, and 
the cleaved 12-kDa product. Levels of intact DFF-45 were significantly higher in LVAD patients 
(10.86±0.91 OD units) than in advanced heart failure patients (8.91±0.38 OD units; P<0.05). The 
spliced 35-kDa product also was significantly higher in LVAD candidates (4.58±0.75 OD units) 
than in advanced heart failure patients (2.84±0.23 OD units; P<0.05). 

CPAN 

Levels of CPAN were not significantly higher in the LVAD candidates (2.04±0.5 OD units) than 
in advanced heart failure patients (2.57±0.23 OD units; P=NS). 

► Discussion 



The present study has shown, for the first time, the specific pattern of increased 
expression of cytokines (Fi gure 6 ) together with alterations in the apoptotic 
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pathway of the myocardium and serum of deteriorating patients who require 
implantation of an LVAD. We have shown elevated levels of myocardial TNF- 
a, EL- IB, and EL-6 (Figure 6 ) in these patients compared with patients who have 
less severe heart failure, are undergoing transplantation, and have elevated 
levels of circulating TNF-a and IL-6. Elevated myocardial expression of caspase-9 and DFF-45, 
but not caspase-3 and CP AN, in the final stage of the apoptotic pathway also was demonstrated. 



— > Methods 
— * Results 
■ Discussion 
~ ' References 
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[in this windowl 
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Figure 6. Pattern of increased cytokine expression in 
myocardium and serum of deteriorating patients 
requiring LVAD implantation. 



An estimated 5 million people in the United States and 600 000 in the United Kingdom have 
heart failure. Mortality level for NYHA class m and IV heart failure is «40%. The situation is 
currently worsened by the decreasing supply of donor organs. When heart failure patients 
deteriorate, insertion of an LVAD can be lifesaving. Early implantation of the device is beneficial 
to outcome; hence, finding clinical and molecular markers is important for the identification of 
patients at high risk of deterioration so that corrective action can be taken earlier. 

We used real-time PCR to measure myocardial cytokine levels because it is a new, quantitative, 

highly reliable method. We chose to compare deteriorating patients to those in a stable heart 

failure group without using a donor control group as we have previously shown increased 

21 

cytokine expression after brain death in donor hearts. The 13 patients in whom myocardial 
markers were measured had clinical parameters that showed them to be representative of the total 
group of patients. Limitation of tissue did not allow measurement of myocardial markers in all 23 
patients. 

In the present study, we found elevated levels of TNF-a mRNA and protein in the myocardium of 

deteriorating patients who required LVAD insertion. TNF-a is known to be elevated in heart 

1-5 2 
failure, and levels are known to correlate with NYHA functional class. Infusion of TNF-a 

into rats at levels similar to levels present in end-stage heart failure results in depression of LV 

6 

function, myocyte shortening, and LV dilatation. A recent study has shown increased 

5 

myocardial TNF-a with the progression of heart failure. Therefore, TNF-a may be a useful 
marker of deterioration in these patients and also may be involved pathologically in the cause of 
the deterioration. In our present study, immunocytochemistry demonstrated TNF-a expression in 
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cardiac myocytes, and cardiac myocytes are known to be able to produce large amounts of TNF- 

22 

a. TNF-a acts on 2 cell-surface receptors, TNF-R1 and TNF-R2, which are thought to mediate 

23 

and regulate most of the effects of TNF-a. These receptors are shed as soluble forms that are 

24 

thought to act as buffers to neutralize the cytotoxic activity of TNF-a. The elevation of serum 
TNF-a in the LVAD patients in our present study was not accompanied by a rise in TNF 
receptors. This suggests that the increased TNF-or might not be neutralized by its receptors and, 
thus, may be able to act pathologically. 

We have found elevated IL-6 mRNA and protein in the myocardium and elevated IL-6 in the 

serum of deteriorating patients who required LVAD insertion in the present study. IL-6 is known 

to be elevated in patients with heart failure, and raised levels correlate with decreased functional 

1,3,7,8 

class, low ejection fraction, and poor prognosis. A recent study has shown increased 

5 

myocardial IL-6 expression with progression of heart failure. Although IL-6 is known to 

7 

increase with norepinephrine levels, none of the patients in the present study were on 
norepinephrine at the time of LVAD insertion. Thus, use of norepinephrine is unlikely to be the 

cause of elevated IL-6 in the present study. IL-6 can be negatively inotropic, and transgenic mice 

25 

overexpressing the EL-6 gene develop ventricular hypertrophy and increased heart size. Of the 
deteriorating patients who underwent LVAD insertion in our present study, myocardial IL-6 
protein expression was higher in those who died after the LVAD was implanted. Hence, IL-6 may 
be a good marker of deterioration and may be involved pathologically in deterioration (although 
elevation of IL-6 in the patients who died could imply irreversibility). 

9,10 

IL-16 negatively affects myocardial function and was 9-fold higher in the myocardium of 
deteriorating compared with stable patients ( Figure 6 ). To our knowledge, this is the first time IL- 
18 has been shown to be elevated in the myocardium of patients with heart failure and to be 
quantitatively increased in deteriorating patients. IL-18 may be a useful marker of deterioration 
and may be involved in its pathogenesis. 

Both TNF-a and IL-18 induce iNOS expression, and both together act synergistically. 
Therefore, we investigated iNOS expression in these patients and found that although iNOS was 
elevated to a level similar to that seen in advanced heart failure patients, iNOS mRNA expression 
was not higher in deteriorating compared with stable patients. This suggests that iNOS is not the 
mechanism through which these 2 cytokines act in these patients. Immunocytochemistry showed 
elevated iNOS protein expression in myocytes, which suggests a possible increase at the 
translational level. However, this barely reached statistical significance. Given that 
immunocytochemistry alone is not a reliable quantitative method, we feel that these results 
should be interpreted with caution. Immunocytochemistry demonstrated strong iNOS staining in 
the vascular smooth muscle cells of intracardiac blood vessels of many LVAD candidates, which 
suggests that increased nitric oxide release occurs in blood vessels of deteriorating patients, 
which could contribute to their hypotensive state. 
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12,13 14,15 
Both TNF-a and IL-1B can induce apoptosis, whereas IL-6 tends to inhibit it. We 

examined expression of caspases in the terminal stage of the apoptotic pathway to see whether 

they were elevated in deteriorating patients. Levels of procaspase-9 and activated, cleaved 

caspase-9 were elevated in these patients, but caspase-3 levels were not, which suggests a 

negative feedback mechanism at the level of caspase-3. Furthermore, levels of intact DFF-45 

(inhibitor of DFF-45/CPAN) also were elevated, as was the cleaved 35-kDa product, but levels of 

the nuclease CP AN were not. Again, this occurrence suggests a negative feedback mechanism. 

14,15 

EL-6 can increase BclxL and signal transducer and activator of transcription-3 (STAT-3). 
Thus, IL-6 tends to be antiapoptotic. Given that we have demonstrated it to be elevated in these 
patients, IL-6 may be part of the negative feedback mechanism. However, it is likely that several 
molecules are involved in both positive and negative feedback in the apoptotic pathway in these 
patients. Further investigation is required. For example, nuclear factor-«B expression is induced 
by TNF-a and BL-16, is known to inhibit apoptosis, and is likely to be a potentially important 
mechanism. Lack of significant elevation in all of the terminal markers of apoptosis is difficult to 
explain and could be due to a negative feedback mechanism. Alternatively, our methods may 
have failed to detect a rise in these markers, or it may be that activation of the apoptotic pathway 
is not an important contributing mechanism to deterioration in these patients. 

In conclusion, the present study has shown a specific pattern of cytokine elevation ( Figure 6 ), 
alterations to caspases in the final stage of the apoptotic pathway of myocardium, and elevated 
levels of circulating cytokines in deteriorating patients who require LVAD insertion. Quantitative 
real-time RT-PCR demonstrated a 9-fold increase in IL-18 mRNA expression, elevated 
myocardial TNF-a and IL-6 mRNA and protein, and raised serum TNF-a and IL-6 in 
deteriorating patients. iNOS was elevated to levels similar to those of heart failure, but no further 
elevation occurred in the deteriorating patients, which suggests that iNOS is unlikely to be the 
pathway through which TNF-a and IL-1B act in these patients. Increased iNOS vascular smooth 
muscle expression was seen in blood vessels, which may contribute to the hypotension observed 
in these patients. Elevations were seen in procapase-9, cleaved caspase-9, and intact and cleaved 
DFF-45 of the final part of the apoptotic pathway but not in caspase-3 and CP AN, which suggests 
that some negative feedback mechanisms are occurring in these patients that need further 
investigation. 

These cytokines might be useful markers for the earlier detection of patients likely to need LVAD 
implantation. Serial serum cytokine measurements, supplemented if necessary by myocardial 
biopsy, could augment hemodynamic data and detect decompensation at an earlier stage. 

Furthermore, blocking cytokine production may have the potential to prevent disease progression. 
Pentoxifylline is a xanthine derivative that suppresses or reduces production of TNF-a and is 
thought to act at the mRNA level. Our study suggests that administration of pentoxifylline to 
patients with end-stage heart failure potentially could prevent or reverse their deterioration. 
Etanercept is a p75 TNF-R fusion protein that binds to TNF-a, functionally inactivating it, which 
also may be effective for prevention of decompensation of such patients. Both of these drugs 
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previously have been shown to produce clinical improvement in patients with less severe heart 
failure. Our present study suggests that DL-6 antagonists also potentially may prevent disease 
progression, as might IL-1 antagonists and specific caspase inhibitors, such as caspase-9 
inhibitors. These approaches need to be investigated. 

► Acknowledgments 

We thank the British Heart Foundation for their support. Emma J. Birks was supported by the 
British Heart Foundation (project grant No. 96152), Dr Barton by a British Heart Foundation 
Senior Research Fellowship, and Dr Yacoub as a British Heart Foundation Professor of 
Cardiothoracic Surgery. We thank Mahrokh Nohadani for her help. 

► References 



1. Birks EJ, Yacoub MH. The role of nitric oxide and cytokines in heart 
failure. Coronary Artery Dis. 1997; 8: 3 89^102. fMedlinel 

2. Torre-Amione G, Kapiada S, Benedict C, et al. Proinflammatory 
cytokine levels in patients with depressed left ventricular ejection 
fraction: a report from the Studies Of Left Ventricular Dysfunction 
(SOLVD). J Am Coll Cardiol 1996; 27: 1201-1206.£Medlinel 

3. Lommi J, Pulkki P, Koskinen P, et al. Haemodynamic, neuroendocrine and metabolic 
correlates of circulating cytokine concentrations in congestive heart failure. Eur Heart J. 
1997; 18: 1620-1625. [Abstract! 

4. Habib FM, Springall DR, Davies GJ, et al. Tumour necrosis factor and inducible nitric 
oxide synthase in dilated cardiomyopathy. Lancet 1996; 347: 1 151-1 155. [Medline] 

5. Kubota T, Miyagishima M, Alvarez et al. Expression of proinflammatory cytokines in the 
failing human heart: comparison of recent-onset and end-stage congestive heart failure. / 
Heart Lung Transplant. 2000; 19: 8 19-824. [Medline] 

6. Bozkurt B, Kribbs SB, Clubb FJ, et al. Pathophysiological^ relevant concentrations of 
tumor necrosis factor-a promote left ventricular dysfunction and remodeling in rats. 
Circulation. 1998; 97: 1382-1391. [Abstract/Free Full Text] 

7. Tsutamoto T, Hisanaga T, Wada A, et al. Interleukin-6 spillover in the peripheral 
circulation increases with the severity of heart failure, and the high plasma level of 
interleukin-6 is an important prognostic predictor in patients with congestive heart failure. 
J Am Coll Cardiol 1998; 31: 39 1-398. fMedlinel 

8. Plenz G, Song ZF, Reichenberg S, et al. Left- ventricular expression of interleukin-6 
messenger-RNA higher in dilated than in ischemic cardiomyopathy. Thorac Cardiovasc 
Surg. 1998; 46: 213-216.JMedline] 

9. Hosenpud JD, Campbell SM, Mendelson DJ. Interleukin-1 -induced myocardial depression 
in an isolated beating heart preparation. J Heart Transplant. 1989; 8: 460^64. [Medline] 

10. Cain BS, Meldrum DR, Dinarello CA, et al. Tumour necrosis factor-a and interleukin-1 8 
synergistically depress human myocardial function. Crit Care Med. 1999; 27: 1309-1318. 
[Medline] 

11. Schulz R, Panas DL, Catena R, et al. The role of nitric oxide in cardiac depression induced 
by interleukin-1 beta and tumour necrosis factor-alpha. Br J Pharmacol. 1995; 1 14: 27-34. 





Top 




Abstract 




Introduction 


▲ 


Methods 




Results 




Discussion 


m 


References 



http://circ.ahajoumals.org/cgi/content/full/104/suppl_l/I-233 



8/15/2005 



* Quantitative Myocardial Cytokine Expression and Activation of the Apoptotic Pathway... Page 15 of 16 



[Abstract] 

12. Ing DJ, Zang J, Dzau VJ, et al. Modulation of cytokine-induced cardiac myocyte apoptosis 
by nitric oxide, Bak, and Bcl-x. Circ Res. 1999; 84: 2 1-33, [Abstract/Free Full Textl 

13. Krown KA, Page MT, Nguyen C, et al. Tumour necrosis factor alpha-induced apoptosis in 
cardiac myocytes: involvement of the sphingolipid signaling cascade in cardiac cell death. 
J Clin Invest 1996; 98: 2854-2865. [Abstract/Free Full Textl 

14. Schwarze MM, Hawley RG. Prevention of myeloma cell apoptosis by ectopic bcl-2 
expression or interleukin 6-mediated up-regulation of bcl-xL. Cancer Res. 1995; 55: 2262- 
2265. [Abstract] 

15. Fukada T, Hibi M, Yamanaka Y, et al. Two signals are necessary for cell proliferation 
induced by a cytokine receptor gpl30: involvement of STAT3 in anti-apoptosis. Immunity. 
1996: 5: 449^60. [Medline] 

16. Liu X, Zou H, Slaughter C, et al. DFF, a heterodimeric protein that functions downstream 
of caspase-3 to trigger DNA fragmentation during apoptosis. Cell 1997; 89: 175-184. 
[Medline] 

17. Tang D, Kidd VJ. Cleavage of DFF-45/ICAD by multiple caspases is essential for its 
function during apoptosis. J Biol Chem. 1998; 273: 28549-28552. [Abstract/Free Full Text] 

18. Halenbeck R, MacDonald H, Roulston A, et al. CP AN, a human nuclease regulated by the 
caspase-sensitive inhibitor DFF45. CurrBiol 1998; 8: 537-540. fMedlinel 

19. Narula J, Pandey P, Arbustani E, et al. Apoptosis in heart failure: release of cytochrome c 
from mitochondria and activation of caspase-3 in human cardiomyopathy. Proc Natl Acad 
Sci, USA. 1999; 96: 8 144-8 149. [Abstract/Free Full Text] 

20. Latif N, Khan M, Birks E, et al. Upregulation of the bcl-2 family of proteins in end stage 
heart failure. J Am Coll Cardiol. 2000; 35: 1769-1777. [Medline] 

21. Birks EJ, Burton PB, Owen V, et al. Elevated tumor necrosis factor-alpha and interleukin-6 
in myocardium and serum of malfunctioning donor hearts. Circulation. 2000; 102 (suppl 
3): m-352-m-358. 

22. Kapadia S, Lee J, Torre-Amione G, et al. Tumor necrosis factor-a gene and protein 
expression in adult feline myocardium after endotoxin administration. / Clin Invest. 1995; 
96: 1042-1052. [Medline] 

23. Torre-Amione G, Kapadia S, Lee J, et al. Expression and functional significance of tumor 
necrosis factor receptors in human myocardium. Circulation. 1995; 92: 1487-1493. 
[Abstract/Free Full Textl 

24. Kapadia S, Torre-Amione G, Yokoyama T, et al. Soluble tumor necrosis factor binding 
proteins modulate the negative inotropic effects of TNF-a in vitro. Am J Physiol 1995; 37: 
H517-H525. 

25. Hirota H, Yoshida K, Kishimoto T, et al. Continuous activation of gpl30, a signal- 
transducing receptor component for interleukin 6-related cytokines, causes myocardial 
hypertrophy in mice. Proc Natl Acad Sci USA. 1995; 92: 4862^866. [Abstract] 



This Article 

► Abstract free 

► Fuil Text (PDF) 

► Alert me when this article is cited 

► Alert me if a correction is posted 

► Citation Map 



http://circ.ahajournals.org/cgi/content/full/104/suppl_l/I-233 



8/15/2005 



I Mol Cell Cardiol 34, 165-174 (2002) 

doi:10.1006/jmcc.2001.1498, available online at http://www.idealibrary.com on 

IDEM* 



Apoptosis and Post-infarction Left 
Ventricular Remodeling 

Alfonso Baldi 1 *, Antonio Abbate 2 *, Rossana Bussani 3 , Giuseppe Patti 2 , 
Rosetta Melfi 2 , Anna Angelini 1 , Aldo Dobrina 2 , Raffaele Rossiello 1 , 
Furio Silvestri 3 , Feliciano Baldi 1 and Germano Di Sciascio 2 

department of Biochemistry and Biophysics, "F. Cedrangolo", Section of Pathologic Anatomy, 
Second University of Naples, Naples, Italy, 2 Department of Cardiovascular Sciences, 
University Campus Bio-Medico, Rome, Italy and ^Department of Pathologic Anatomy, 
University of Trieste, Trieste, Italy 

(Received 7 August 2001, accepted for publication 31 October 2001) 

A. Baldi, A. Abbate, R. Bussani, G. Patti, R. Melfi, A. Angelini, A. Dobrina, R. Rossiello, F. Silvestri, R 
Baldi and G. Di Sciascio. Apoptosis and Post-infarction Left Ventricular Remodeling. Journal of Molecular and 
Cellular Cardiology (2002) 34, 165-1 74. Apoptosis is a common pathological feature in acute myocardial infarction 
(AMl) t however, its role in the later phases (>10 days) of AMI and in post-infarction left ventricular remodeling 
has not been characterized. The aim of the study was to identify signs of ongoing cell apoptosis late post AMI. 
Sixteen hearts were collected at autopsy from subjects 12 to 62 days after the onset of AMI. In situ end-labeling 
of DNA fragmentation (TUNEL) and co-staining with caspase-3 were performed. Double-positive cells were defined 
as apoptotic and the apoptotic rate was calculated. Values are expressed as median and interquartile range. Co- 
stainings with muscle-actin, splicing factor (SC35), PCNA, bax and bcl-2 were also performed. Apoptotic rates at 
site of infarction [25.4% (17.0-28.4%)] were significantly higher v those at remote regions [0.7% (0.5-0.8%); 
P<0.001] and significantly correlated to left ventricular longitudinal and transverse diameters [r= + 0.70 (P = 
0.016) and r= +0.63 (P= 0.004) respectively]. Moreover, in subjects with persistently occluded infarct-related 
artery (14 cases) there was a significantly higher apoptotic rate at the site of infarction compared to those (2 
cases) with patent artery [26.0% (21.9-28.5%) v 4.5% (0.6% and 8,4%);P = 0.033]. A significantly greater bax 
immuno-reactivity close to the infarction v remote areas was found (P<0.001). High grade apoptosis is present 
at sites of infarction in the later phases post AMI. This is more evident if the infarct-related artery is persistently 
occluded and signs of ventricular remodeling are present. These data may provide an explanation of progressive 
late left ventricular dysfunction. © 2002 Elsevier Science Ltd. 

Key Words: Apoptosis; Myocardial infarction; Remodeling; Caspase-3; bax; bcl2. 



Introduction 

Apoptosis, or programmed cell death, is an energy- 
requiring and highly regulated process involved in 
development, homeostasis and senescence. Apo- 
ptosis is triggered by the activation of intracellular 
signalling pathways associated with the con- 
densation of chromatin into crescentic caps of nuc- 
lear DNA at the periphery. Apoptotic cells then 
undergo extracellular degeneration or phagocytosis 



by macrophages without eliciting an inflammatory 
reaction. 1 It is acknowledged that apoptosis con- 
tributes both to homeostasis and human diseases. 
As such, it has been recognized as a key process in 
the adaptations of the cardiovascular system to its 
continuously changing demands. 2,3 Recently, it has 
been implicated as a fundamental pathogenetic 
mechanism in a variety of diseases including acute 
myocardial infarction (AMI), and post-ischemic and 
idiopathic dilated cardiopathy. 4 " 10 New techniques, 
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Figure 1 (A) Sampling of the different specimens, at a site of recent infarction (arrow) and at sites remote from it (*), 
in an examined heart collected from a 82-year old subject with a history of anterior and septal AMI (15 days earlier). 
AMI, Acute myocardial infarction. (B) Hematoxylin/ Van Gieson. Site of recent infarction: reparative fibrosis, newly 
sprouted vessels and granulation tissue (original magnification x 500). (C) Hematoxylin/Van Gieson. Region remote 
from the infarcted area (original magnification x 500). (D) TUNEL staining. Region of the left ventricle at the site of 
infarction: several TUNEL-positive cells are shown (*) (original magnification x 500; lightly counterstained with 
hematoxylin). (E) TUNEL staining. Region of the left ventricle remote from the infarcted area: no TUNEL-positive cells 
are detected (original magnification x 500; lightly counterstained with hematoxylin). (F) Double staining: nuclear 
staining for TUNEL (*) and cytoplasmic staining for muscle-actin (O)- TUNEL-positive cells co-express muscle-actin 
(original magnification x 600; AEC, lightly counterstained with hematoxylin). (G) Double staining: nuclear staining 
for TUNEL (*) and cytoplasmic staining for Caspase-3 (O). Great majority of TUNEL-positive cells co-express caspase- 
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especially the in situ end-labeling of DNA frag- 
mentation (TUNEL), have enabled an easy qual- 
itative and quantitative evaluation of apoptotis in 
tissues and proposed a re-interpretation of pre- 
viously acquired concepts. 4 " 11 In particular, in AMI 
a greater incidence of apoptosis v necrosis has been 
reported in experimental models 5 and confirmed in 
humans, 610 with a particular localization at the 
borders of infarction. However, the incidence of 
apoptosis in the later phase post AMI (up to 60 
days) in humans and its role in determining post- 
infarction left ventricular (LV) remodeling have not 
been characterized to date. The primary goal of 
our study was to evaluate ongoing myocardiocyte 
apoptosis in these phases and the secondary ob- 
jective was to investigate its correlation with signs 
of LV remodeling and infarct-related artery (IRA) 
patency. To this aim, pathological examination of 
human hearts late post AMI was performed using 
TUNEL combined with additional stainings for 
muscle actin and for markers of cell death mediators 
(caspase-3, bax and bcl~2), DNA synthesis (PCNA) 
and transcription activity (RNA splicing factor SC- 
35). 

Materials and Methods 

Selection of the samples 

Sixteen hearts were collected at autopsy (University 
of Trieste and Second University of Naples, Italy) 
from subjects who died 12 to 62 days after the 
onset of MI, median interval 23 days. All subjects 
were hospitalized before death, and none of them 
suffered from a re-infarction, as indicated by clinical 
data and serial CK and CK-MB determination. The 
cause of death was trauma in 4 cases while con- 
gestive heart failure and comorbidities were present 
in the rest. Features of cardiogenic shock or pro- 
longed i.v. inotropic support were not described 
in the clinical charts. Clinical and demographic 
characteristics of the subjects are shown in 
Table 1. 

Pathological examination 

Autopsy was performed within 30 hours after death 
in all cases. Gross examination of the hearts was 



Table 1 Clinical and demographic characteristics 



Number of subjects 


16 


Median age (years) 


73 


Range 


(60-96) 


Male sex 


12 (75%) 


Recent AMI 


16 


(<,2 months) 


(100%) 


Median time post AMI (days) 


23 


Range 


(12-62) 


Previous old AMI 


8 


(>6 months) 


(50%) 


Left ventricular dysfunction 


13 


(LVEF <45%) 


(81%) 



AMI, acute myocardial infarction; LVEF. Left ventricular ejec- 
tion fraction. 



performed to measure LV parameters and to define 
the infarcted area and the IRA. LV transverse and 
longitudinal diameters were measured at the atrio- 
ventricular section. The LV free wall thickness was 
measured at the median third of the posterior wall. 
Tissue specimens (125-1000 mm 3 ) were obtained 
at sites of myocardial infarction and in regions of 
the left ventricle remote from the infarcted area 
supplied by a patent coronary artery [Figure 1(A)]. 
Specimens were fixed in 10% paraformaldehyde in 
0.1 m buffer. Different sections were processed for 
each specimen. Morphologic analysis of tissue struc- 
ture, cellular and nuclear integrity and in- 
flammatory infiltrates was performed by light- 
microscopy after dehydration, embedding in 
paraffin and staining. 

TUNEL assay 

TUNEL reaction was performed using the per- 
oxidase-based Apoptag kit (Oncor, Gaithersburg, 
MD, USA). TUNEL positive cells were detected with 
diaminobenzidine and H 2 0 2 according to the sup- 
plier's instructions. Moreover, in order to optimize 
the procedure, we applied the modifications to the 
protocol suggested by Saraste. 12 The experiment 
was repeated on different sections for each specimen 
(two to four). One hundred random fields ( x 250) 
per section were analyzed (12.5 mm 2 ). 

Immunocytochemistry 

Several series of TUNEL-stained sections, as well as 
consecutive deparalnnized and dried sections were 



3. (original magnification x 600; AEC, lightly counterstained with hematoxylin). (H) Caspase-3 immunohistochemical 
staining of human lymph nodes as a positive control. Strong immunoreactivity for activated caspase-3 in the apoptotic- 
prone germinal center B-lymphocytes of a lymph node is clearly visible (original magnification x 500; AEC, lightly 
counterstained with hematoxylin). 
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subsequently stained for different markers. All the 
sections were heated in a microwave oven twice 
for 5 min at 700 W in citrate buffer (pH 6), then 
incubated with antibodies against muscle actin 
(mouse monoclonal anti-human actin HHF35 from 
DAKO, CA, USA; dilution 1:50), caspase-3 (rabbit 
polyclonal anti-human caspase-3 from Upstate Bio- 
technology, NY, USA; dilution 1:100), PCNA 
(mouse monoclonal anti-human PCNA PC10 from 
DAKO; dilution 1:100) and splicing factor (mouse 
monoclonal anti-splicing factor SC-35 from Sigma, 
Milan, Italy; dilution 1:200), and visualized by the 
streptavidin-biotin system (DAKO), using either 3- 
amino-9-ethylcarbazide (AEC) or diaminobenzidine 
(DAB) as the final chromogen. The optimal working 
dilutions were defined on the basis of titration 
experiments. Negative controls for each tissue sec- 
tion were prepared by leaving out the primary 
antibodies, which resulted in a complete dis- 
appearance of the nuclear staining for the 
antibodies used, indicating the non-interference 
of TUNEL with the secondary antibodies. 
Immunoreactivity (positive/negative) for each 
staining coincided between pairs of identical nuclei 
of myocytes on mirror sections. Positive controls 
were run with each set of slides. Immuno- 
cytochemistry for bax protein and bcl-2 were also 
performed using specific antibodies (mouse mono- 
clonal anti-human bax sc-7480 and mouse mono- 
clonal anti-human bcl-2 sc-7382 from Santa Cruz, 
CA, USA; at a dilution 1:100). Immunoreactivity for 
these two antigens was quantitated as percentage of 
positive cells per field ( x 250). 



Apoptotic rate 

Myocardiocytes were defined as apoptotic if co- 
localization of markers of DNA fragmentation (TU- 
NEL) and ceil death effectors (caspase-3) was evid- 
ent. The apoptotic rate (AR), expressed as a ratio 
of number of myocardiocytes co-expressing TUNEL 
and caspase-3 positivity on nucleated cells per field 
( x 250) at light microscopy, was calculated and 
compared in different specimens by two separate 
observers (A.B. and A. A.) in a double blind fashion. 
Consensus on the percentage of TUNEL positive 
cells was reached in all cases. 



Statistical analysis 

For statistical analysis, the software SPSS 10.0 for 
Windows (SPSS, Chicago, IL, USA) was used. 



Tbble 2 Gross pathology characteristics 



Weight (g) median 


540 


Interquartile range 


(480-565) 


Transverse diameter (mm) median 


128 


Interquartile range 


(124-139) 


Longitudinal diameter (mm) median 


104 


Interquartile range 


(102-110) 


LV posterior wall thickness (mm) median 


15 


Interquartile range 


(12-16) 


Previous old AMI (>6 months) 


8 




(50%) 


Significant multivessel coronary disease 


8 




(50%) 


Persistently occluded IRA 


14 




(88%) 



AMI, acute myocardial infarction; IRA, infarct-related artery; 
LV. left ventricle. 



Quantitative results were expressed as median and 
interquartile range. Non-parametric tests were used 
to compare AR among different regions of each 
subject (Wilcoxon test for paired data) and among 
different subjects (17 Mann-Whitney for non-paired 
data). Correlation between variables was de- 
termined by Spearman rank test, r values represent 
correlation coefficients. P values <0.05 were con- 
sidered significant. 



Results 

Gross pathology and light-microscopy examination 

Table 2 summarizes the gross pathology char- 
acteristics of the hearts. Median transverse and 
vertical diameters were 128 mm and 104 mm 
respectively. Posterior wall thickness was 1 5 mm. 
In six cases of posterior AMI those values were not 
included for further analysis. In fourteen cases 
(88%) an occluded IRA was found, while in the 
remaining two cases (12%) the IRA was found to 
be patent. 

Areas of scarring consistent with previous nec- 
rotic cell death were demonstrable in the infarcted 
area. At light-microscopy signs suggestive of on- 
going necrosis (i.e. nuclear or cytoplasmic ab- 
normalities, evidence of cell rupture) were absent 
in all examined sections while reparative fibrosis 
and newly sprouted capillaries were present, and 
typical post-infarction granulation tissue was evid- 
ent [Fig. 1(B)]. Muscle damage was not present in 
specimens derived from the same subjects at areas 
remote from the infarction [Fig. 1(C)]. These areas 
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Table 3 Correlation between TUNEL staining and 
Caspase-3, SC-35 and PCNA. (Median value and 
interquartile range) 



TUNEL + cells (%) 


30 




(20-34) 


Caspase-3 + (%) 


85 




(83-88) 


SC35 + (%) 


10 




(4-12) 


PCNA + (%) 


0.7 




(0.01-1.1) 


Caspase-, SC35-, PCNA- (%) 


5 




(2-12) 



appeared normal at gross anatomy and light-micro- 
scopy and a patent related coronary was identified. 



TUNEL assay and immunocytochemistry for caspase-3, 
PCNA and SC-35 

TUNEL assay in myocardial specimens collected at 
the site of infarction showed a high rate of positive 
cells in all examined fields [Fig. 1(D)], while in 
regions remote from the infarcted area TUNEL posi- 
tive cells were rare [Fig. 1(E)]. Light-microscopy 
examination of consecutive sections from the speci- 
mens with immunocytochemistry was performed 
for muscle actin. The great majority of TUNEL 
positive cells co-stained was for muscle actin, thus 
showing to be myocardiocytes [Fig. 1 (F)]. Interstitial 
and inflammatory cells were were not included in 
the cell count. 

Table 3 summarizes data showing correlation 
between TUNEL staining and immuno- 
cytochemistry for caspase-3, PCNA and SC-35. A 
high percentage of the TUNEL positive cells [median 
85% (83-88%)] were overexpressing caspase-3 
[Fig. 1(G)]. About 5% of caspase-3 expressing cells 
did not show positivity at TUNEL, and were not 
considered apoptotic. Non-apoptotic myo- 
cardiocytes at the site of infarction, as well as in 
regions remote from the infarction, were mostly 
negative for caspase-3 or contained only weak 
immunoreactivity. Staining of a lymph node is 
shown as a control for the specificity of the immuno- 
histochemical reaction for the activated caspase-3. 
The typical strong immunoreactivity for activated 
caspase-3 in the apoptosis-prone germinal center 
B-lymphocytes is clearly visible [Fig. 1(H)]. 

TUNEL-positive myocardiocytes were mostly neg- 
ative for PCNA and SC-35 immunocytochemistry 
[Figures 2(A) and 2(B); Table 3]. None of the myo- 
cardiocytes (0%) which expressed co-localization of 
TUNEL and caspase-3 were positive for PCNA or 
SC-35. 



Apoptotic rate 

The rate of apoptotic myocardiocytes was sig- 
nificantly higher at sites of infarction [25.4% (1 7.0- 
28.4%)] v remote regions [0.7% (0.5-0.8%), 
P<0.001] [Fig. 3(A)]. In two hearts of subjects with 
patent IRA the AR was significantly lower (0.6% 
and 8.4%) compared to those with a persistently 
occluded IRA [26.0% (21.9-28.5%), P= 0.033] 
[Fig. 3(B)]. Moreover, the AR at the site of infarction 
was found to be positively correlated to signs of LV 
remodeling, LV longitudinal (r = +0.70, P=0.016) 
[Fig. 3(C)] and transverse diameter (r= +0.63, P = 
0.004) [Fig. 3(D)]. Not considering data from six 
subjects who had posterior wall infarctions, AR 
remote from infarction showed a mild correlation 
with the LV posterior wall thickness (r=-0.64, P = 
0.06) [Fig. 3(E)]. 

AR in hearts of subjects with a traumatic death 
(four cases, 25%; AR 27.2%) was similar to the AR 
in the others (12 cases, 75%; AR 25.2%; P = 
0.8). No statistically significant difference was found 
comparing AR in those patients who died within 
23 days after AMI (median value) v the others 
(27.3% v 25.4%; P=0.85). 



Immunocytochemistry for bax and bcl-2 

Bax protein expression within the myocardium 
showed a similar localization of TUNEL with a 
significantly higher number of myocardiocytes ex- 
pressing intense bax immunoreactivity in the cyto- 
plasm at site of infarction [52.2% (34.3-58.0%)] v 
remote area [2.5% (0.7-3.4%), P<0.001] [Fig. 
2(C)]. In Figure 2(D) a control for bax im- 
munoreactivity on a lymph node is shown. Most 
cells within the germinal center of the lymph node 
were positive for bax expression, while the majority 
of cells within the interfollicular zone were negative. 

Compared to bax expression bcl-2 appeared only 
slightly overexpressed in the infarcted site [2.1% 
(1.4-4%)] v the remote site [0.5% (0.2-1.0%), P= 
0.16] [Fig. 2(E)]. 



Discussion 

To the best of our knowledge, this is the first report 
in humans of persisting myocardiocyte death due 
to apoptosis late post AMI. Necrosis is known to 
cause an important loss of myocardiocytes, with 
attendant ventricular dysfunction and heart failure 
post AMI. Previous studies indicate that myocardial 
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Figure 2 (A) Double staining for TUNEL and PCNA. Rare TUNEL-positive cells express PCNA. A double-positive cell 
is shown (*) (original magnification x 500; AEC, lightly counterstained with hematoxylin). (B) Double staining for 
TUNEL and SC-35. A small portion of TUNEL-positive cells express SC-35. Double-positive cells are shown (*) (original 
magnification x 500; AEC, lightly counterstained with hematoxylin). (C) Dark-brown positive Bax immunoreactivity 
is evident in the cytoplasm of myocardiocytes close to the infarcted area (original magnification x 500; DAB, lightly 
counterstained with hematoxylin). (D) Positive control for bax immunostaining in the germinal center of a lymph node 
(original magnification x 500; DAB, lightly counterstained with hematoxylin). (E) A case of bcl-2 immunohistochemical 
staining of salvaged tissues surrounding the infarcted areas. Few bcl-2 positive myocardiocytes close to the infarcted 
area are detected (original magnification x 500; DAB, lightly counterstained with hematoxylin). 



apoptosis may be as important as necrosis in de- 
termining myocardiocyte loss in the early phases 
of AMI. 5,610 In particular, an apoptosis/necrosis 
ratio close to 30:1 was described in experimental 
AM models in rats. 5 These data were confirmed in 
humans 610 by the examination of hearts of patients 
who died within 10 days post AM, with a pref- 
erential localization of apoptotic myocytes at the 
borders of the infarcted site. A reduction of the 
apoptotic rate post AMI was described, but no direct 
observation after the tenth day was reported. In 
our study a persistent myocardiocyte loss due to 
apoptosis late post AMI is suggested by the presence 
of an elevated rate of myocardiocytes positive for 
TUNEL and caspase-3 immunocytochemistry. Apo- 
ptosis appears highly selective for myocardiocytes 
and localized to the infarcted area. The persistence 
of viable cells next to apoptotic ones shows the 



gradual incidence of the event compared to the 
abrupt onset observed with necrosis. The absence of 
ongoing necrosis enhances the specificity of TUNEL 
examination. However, current opinions regarding 
the association between apoptosis and necrosis sup- 
port a possible common feature of cell death be- 
ginning as apoptosis and ending as secondary 
necrosis. 1,4,13,14 



Apoptosis and post-infarction left ventricular remodeling 

The presence of apoptosis late post AMI suggests a 
possible relation with the progression of LV dys- 
function sometimes observed in the later phases 
post AMI. In fact, an increased AR up to 232- 
fold in the hearts of patients with end-stage heart 
failure 7,8 has been described. Saraste et al 9 reported 
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Figure 3 (A) Apoptotic rate at the site of the infarction and at regions remote from it. (B) Significantly lower AR at 
the site of infarction in two hearts with patent IRA (infarct-related artery) v those hearts with persistently occluded 
IRA. (C) Correlation between AR at the site of infarction and left ventricular (LV) longitudinal diameter. (D) Correlation 
between AR at the site of infarction and left ventricular (LV) transverse diameter. (E) Correlation between AR at site 
remote from the infarction (LV posterior wall) and LV wall thickness. (F) Significantly greater box immuno-reactivity 
in the cytoplasm of myocardiocy tes close to the infarction v remote area. AR, apoptotic rate; IRA, infarct-related artery; 
LV, left ventricular. 



a significantly higher AR vs controls in explanted 
failing human heart, with a significant correlation 
between the AR and the severity of clinical ma- 
nifestations and the rapidity of progression of heart 
failure in patients with ischemic heart disease. Their 
data also confirmed a higher AR in proximity of 
infarcted sites, and the highest value observed 
(14%) was in a subject with an AMI within the 
preceding year. 9 Most of the subjects in our series 
showed some degree of LV dysfunction before death, 



and AR correlated with macroscopic signs of post- 
infarction LV remodeling (LV dilatation and LV free 
wall thinning). Similar data were recently described 
in rats. 15 In regions remote from the infarction an 
AR of 0.7% was observed, although significantly 
lower than the AR at the site of AMI, it appears to 
be substantially greater than the rate described 
among control samples by others. 910 These data 
may support a role for apoptosis in regions remote 
from acute ischemic insult to promote LV re- 



172 



A. Baldi et al 



modeling in response to increased mechanical 
stress. 15-17 

Moreover, "the open-artery hypothesis", im- 
proved LV function in the long term post AMI 
deriving from a patent IRA 18 - was already for- 
mulated in the early 1990s, but the underlying 
mechanisms were not clear. In our specimens, a 
patent IRA was associated with a lower AR at the 
site of infarction. Therefore, the benefit observed 
with late coronary revascularization could be due 
to inhibition of apoptosis and prevention of LV 
remodeling, even if a cause—effect link between 
persistent IRA occlusion and apoptosis late post 
AMI cannot be supported by these data. However 
studies of delayed coronary revascularization have 
already shown their clinical efficacy, predicting full 
recovery at site of infarction and overall survival 
benefits. 19 ' 20 



Demonstration of apoptosis 

Some authors have suggested a lack of specificity 
of TUNEL on human hearts 13,21 22 whereas others 
have strongly supported its accuracy. 1112 Kanoh 
et al described TUNEL-positive myocardiocytes in 
hearts with dilated cardiomyopathy as living ceils 
with increasing activity of DNA repair rather than 
apoptotic cells. 21 While a strict relation between 
PCNA and TUNEL was present in their data, in our 
cases most of the TUNEL-positive myocardiocytes 
were PCNA-negative and therefore could not be 
considered cells with intense DNA synthesis. On 
the other hand, while it has been suggested that 
RNA synthesis and splicing interferes with TUNEL 
detecting apoptosis, 22 TUNEL-positive cells were 
mostly negative for SC35 in our data. The as- 
sociation of TUNEL and high expression of caspase- 
3 in over 80% of TUNEL-positive myocardiocytes 
further supports the definition of apoptotis. As a 
central mediator of apoptosis in mammalian cells, 
caspase-3 induces caspase-activated DNase ac- 
tivation which leads to DNA fragmentation and also 
cleaves cytoskeletal proteins, leading to significant 
alteration of the cytoskeleton and cell death, even 
in the absence of DNA fragmentation. 23,24 The apo- 
ptotic activity of caspase depends mostly on post- 
transcriptional events, however, increases in the 
mRNA levels have been associated with apoptosis. 25 
It has been shown that high immunohistochemical 
expression of caspase-3 is present in cells under- 
going apoptosis, 26 co-localization of caspase-3 and 
TUNEL staining has been detected in neurons and 
myocardiocytes undergoing apoptosis 23,27 and even 



if the antibody used for caspase-3 in our study 
recognized both the precursor and the p20 subunit, 
it was recently demonstrated that high caspase-3 
immunostaining with this antibody corresponded 
mostly to increased expression of the activated form 
of caspase-3. 23 Moreover, bax expression appeared 
substantially higher in infarcted v remote areas, 
with a high bax/bcl-2 ratio. Bax's pro-apoptotic 
activity depends on its ability to form heterodimers 
with the inhibitor of apoptosis bcl-2. The ratio of 
bcl-2 to bax expression determines survival or death 
after an apoptotic stimulus 28,29 and different site- 
dependent expression of bcl-2 and bax within the 
heart has been described. 30 

The AR may appear overestimated. It has been 
suggested that even a much lower apoptotic rate 
(<1%) in the hearts of subjects with heart failure 
would lead to a loss of more than 25% of myo- 
cardiocytes during the first year. 31 Notably, the time 
required for the in vivo formation of apoptotic bodies 
and their removal has not been determined in the 
heart, and is currently unknown whether apoptosis 
persists chronically or if its incidence decreases 
during the healing process. In our specimens, AR 
was calculated on a small quantity of myocardium, 
localized in regions of recent infarction in a definite 
time frame. In fact, the rate tended to decrease, 
reaching normal levels (<1%) as the samples were 
taken further away from the infarcted area and 
subjects with previous (>6 months) AMI had a 
much lower apoptotic rate at the infarcted site (A. 
Baldi and A. Abbate, unpublished data, 2000). 
Further studies on the dynamics of myocardiocyte 
apoptosis are necessary to define the impact of 
calculated AR on effective myocardiocyte loss over 
time. 



Conclusions 

Myocardial apoptosis is present late post AMI and 
may be related to progressive ventricular dys- 
function by a cause-effect link. It may therefore be 
considered part of the cellular and topographic 
rearrangements (i.e. cell hypertrophy, elongation, 
side-to-side slippage) in LV remodeling. These data 
deserve further investigation, discussion and con- 
firmation in appropriate studies targeted to analyze 
this interesting cause-effect relation. Recent studies 
raised the possibility of the regeneration of myo- 
cardiocytes at the site of infarction in hearts with 
AMI 32 and suggested that the balance between cell 
death and regeneration may determine whether LV 
remodeling occurs after AMI. PCNA-positive 
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myocardiocytes in our samples may indicate re- 
generating myocardiocytes, with active DNA syn- 
thesis, as described by Beltrami et al 12 In vivo 
diagnosis of apoptosis appears a promising feature 33 
and interestingly, in experimental models, anti- 
apoptotic therapy (i.e. treatment with ZVAD-fmk, 34 
a broad caspase inhibitor) reduced infarct size, en- 
zyme leakage and remodeling, thus opening new 
avenues in the diagnosis and treatment of ischemic 
heart disease. 
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Abstract 

Both clinical findings and results of experiments with animal models of alcoholic hepatitis have shown the importance of cytokine-me- 
diated cell-cell interactions in the onset of ethanol-induced liver damage. Proinflammatory cytokines, such as tumor necrosis factor-alpha 
(TNF-ct), interleukin (IL)-lbeta (IL-ip), and interleukin-6, are released from Kupffer cells or infiltrating neutrophils and macrophages 
and elicit defensive responses in parenchymal cells, including activation of apoptosis. Reactive oxygen species (ROS) and reactive nitro- 
gen species (RNS), generated in response to cytokine-induced stress signals in parenchymal cells and also by activation of Kupffer cells 
and inflammatory cells, further mobilize cellular defense mechanisms. When these defensive responses are overwhelmed cells may die by 
necrosis, further stimulating inflammatory responses and infiltration of neutrophils. Chronic ethanol intake (i.e., many years of heavy al- 
cohol use in human patients, several weeks or months in experimental animals) enhances the damaging consequences of these events 
through a variety of mechanisms. The formation of cytokines in the liver is stimulated by increasing circulating levels of endotoxin and by 
enhancing the responsiveness of Kupffer cells to such stimuli. In addition, ethanol promotes oxidative stress, both by increased formation 
of ROS and by depletion of oxidative defenses in the cell. Furthermore, liver cells from ethanol- treated animals are more susceptible to 
the cytotoxic effects of TNF-a and other cytokines than cells from control animals. Mitochondria play a critical role in the apoptotic re- 
sponse, and alterations in mitochondrial function after chronic ethanol treatment may contribute to enhanced cell death by apoptosis or 
necrosis. How the shift in the balance of cytokine-induced defensive and damage responses in hepatocytes contributes to the liver injury 
that occurs in alcoholic hepatitis remains poorly characterized and should be a rewarding area for future studies. © 2002 Elsevier Science 
Inc. All rights reserved. 

Keywords: Ethanol; Cytokines; Alcoholic liver disease; Oxidative stress; Mitochondria; Apoptosis 



1. The role of cytokines and oxidative stress in the onset 
of alcoholic liver disease 

Alcoholic hepatitis and other forms of alcoholic liver dis- 
ease (ALD) are major complications of chronic excessive 
ethanol intake 1 . However, the mechanisms underlying etha- 
nol-induced hepatotoxicity are complex and remain poorly 
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1 The term "chronic excessive alcohol intake" is used somewhat 
loosely in this review to indicate prolonged heavy alcohol use, in human 
beings generally involving many years of daily alcohol use in excess of 
approximately 100 g/day. In studies on experimental animals, chronic etha- 
nol treatment generally involves prolonged (i.e., periods ranging from 3 
weeks to several months) dietary treatment in which ethanol constitutes as 
much as 36% of total calories (with carbohydrate or fat substituting for eth- 
anol in pair-fed control animals) and daily ethanol intake is >1 0-1 2 g/kg/ 
day. By contrast, in studies on isolated cells in culture, chronic ethanol 
treatment usually involves treating the cells with ethanol concentrations 
ranging from 20 to 100 mM for periods of 24 to 48 h. 



understood. In recent years, a significant role for proinflam- 
matory cytokines such as tumor necrosis factor-alpha (TNF- 
ct), in the onset of liver disease, has been indicated both by 
clinical observations of an enhanced circulating level of 
TNF-a and other cytokines in patients with ALD and by re- 
sults of studies with animal models of alcohol-induced liver 
damage [reviewed in McClain et al. (1999); Thurman et al. 
(1999); Tilg & Diehl (2000)]. For instance, results of animal 
studies on an intragastric ethanol-feeding model have 
shown that treatment with neutralizing antibodies to TNF-a 
suppresses ethanol-induced liver damage (Iimuro et al., 
1997). Depletion of Kupffer cells, a major source of TNF-a 
and other cytokines, prevents liver damage in this model 
(Adachi et al., 1994) and also suppresses ethanol-induced 
microvesicular and macrovesicular steatosis in an oral etha- 
nol-feeding model (Jarvelainen et ah, 2000). Activation of 
Kupffer cells results from exposure to endotoxin, which de- 
rives from the cell wall material of Gram-negative bacteria 
in the gut. An elevated circulating endotoxin level has been 
detected in heavy drinkers (Bode et al., 1987), as well as in 
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experimental animals after chronic ethanol administration 
(Nanji et al., 1994). This is thought to be caused by in- 
creased permeability of the intestinal wall, but an increase 
in bacterial flora and a reduced capacity for endotoxin scav- 
enging may also result from chronic ethanol intake. Kupffer 
cells respond to the endotoxin challenge by producing a bat- 
tery of cytokines and chemokines, including TNF-a, inter- 
leukin (IL)-ip, IL-6, and prostaglandin E2 (McClain et al., 
1999; Thurman et al., 1999). However, the liver damage 
caused by ethanol treatment in the intragastric feeding 
model is not mimicked by a sustained (for up to 4 weeks) 
infusion of endotoxin at levels considerably higher than 
those attained during ethanol feeding (Jarvelainen et al., 
1999), although ethanol intake increased hepatic necrosis 
caused by an acute endotoxin challenge of 24 h (Bhagwan- 
deen et al., 1987). Thus, chronic ethanol treatment must ex- 
ert effects downstream of the endotoxin-activated Kupffer 
cell response. In fact, there is good evidence that ethanol 
treatment changes the response of Kupffer cells and mono- 
cytes to endotoxin, resulting in an enhanced production of 
TNF-a and other cytokines (McClain et al., 1999). 



Cytokines and chemokines released by Kupffer cells ex- 
ert a range of autocrine and paracrine effects that initiate de- 
fense responses in the liver, but also promote infiltration of 
inflammatory leukocytes and activate oxidative burst re- 
sponses, accompanied by a further release of cytokines and 
degradative proteins. These complex cascades result in a vi- 
cious cycle of acute challenges to liver cells by oxidative 
stress and cytotoxic signals that can overwhelm cellular de- 
fense mechanisms. How well the liver parenchymal cells 
handle these challenges will ultimately determine to what 
extent liver damage results. 

However, an increased production of TNF-a and other 
proinflammatory cytokines cannot adequately explain the 
increased tissue damage in heavily drinking human patients 
and in animal models of chronic ethanol exposure. The pa- 
renchymal cells of the liver also change their response to 
TNF-a. Normally, TNF-a is not cytotoxic for liver cells. 
Although TNF-a can initiate a battery of intracellular path- 
ways that lead to cell death by apoptosis or necrosis, the 
cells also activate cytoprotective signals that suppress the 
deleterious effects of TNF-a (Fig. 1). Characteristically, 



^^^^ 





Fig. 1. Signaling pathways of the tumor necrosis factor-alpha receptor promoting proapoptotic and antiapoptotic responses. Akt/PKB = Protein kinase B; 
ASK1 = apoptosis signal-regulating kinase 1 ; Bad = Bcl-2-associated death protein; Bcl-2 = B-cell Iymphoma-2 protein; Bid = Bcl-2-interacung death pro- 
tein; FADD = Fas-activated death domain protein; IKK = inhibitor kappa B kinase; NF-kB = nuclear factor kappa B; NIK = nuclear factor-inducing 
kinase; PI3-kinase = 1 -phosphatidylinositol 3-kinase; RIP = receptor-interacting protein; SAPK = stress-activated protein kinase; SMase = sphingomyeli- 
nase; TNF-a = tumor necrosis factor-alpha; TRADD = tumor necrosis factor receptor-associated death domain protein; TRAF = tumor necrosis factor 
receptor-associated factor. 
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TNF-a and IL-6 are essential ingredients to initiate the on- 
set of liver regeneration. Chronic ethanol treatment results 
in an impaired regenerative response in rats and mice 
through mechanisms that involve defects in the early re- 
sponse to these cytokines (Chen et al., 1997; Yang et al., 
1998). Hence, changes in the signaling machinery activated 
by TNF-a (or other cytokines) may occur in the liver cells 
after chronic ethanol treatment; such changes may cause 
these cells to be more sensitive to the cytotoxic actions of 
TNF-a than in control animals. 

2. Signaling pathways that mediate the cellular effects 
of TNF-a 

Tumor necrosis factor-alpha acts on liver cells through 
two types of plasma membrane receptors: p55 [type 1 tumor 
necrosis factor receptor (TNFR1)] and p75 [type 2 tumor 
necrosis factor receptor (TNFR2)]. In liver cells, TNFR1 
predominates and results of studies on TNF receptor knock- 
out mice indicate that TNFR1 is required for ethanol- 
induced liver damage (Yin et al., 1999). The TNFR1 is the 
prototype of a family of receptors that also includes the Fas 
receptor and the nerve growth factor receptor. Binding of 
TNF-a to TNFRl induces receptor trimerization and activa- 
tion, mediated by association of the receptor with a variety 
of signaling proteins that interact with specific protein do- 
mains on its intracellular tail, as illustrated in Fig. 1 [see 
Locksley et al. (2001) for a recent review]. 

The best characterized signaling system activated by 
TNF-a involves proteins that bind through the death do- 
main, a protein domain found in a variety of signaling pro- 
teins involved in activation of the apoptotic machinery. Pro- 
teins such as TNF receptor-associated death domain protein 
(TRADD) and Fas-activated death domain protein (FADD) 
activate caspase 8, an upstream signaling caspase protein 
that initiates the proteolytic activation of a variety of effec- 
tor proteins, including other caspases, as well as the proapo- 
ptotic Bcl-2 family protein Bid (Yin, 2000). The active, 
truncated form of Bid (t-Bid) acts on mitochondria to cause 
mitochondrial outer membrane permeabilization. This per- 
mits the release of numerous proapoptotic factors stored in 
the mitochondrial intermembrane space, which, together 
with the effector caspases, initiate the program of nuclear 
chromatin condensation and degradation that is characteris- 
tic of apoptosis (Kroemer & Reed, 2000). 

TNF-a binding to TNFRl also activates other signaling 
pathways that may promote cell death. For instance, the 
binding of a complex of receptor-interacting protein (RIP), 
a death domain serine-threonine kinase, and TNF receptor- 
associated factor 2 (TRAF2), an adapter protein that inter- 
acts with the activated receptor, causes activation of sphin- 
gomyelinases with formation of ceramide. This mediator 
may act on mitochondria to promote the mitochondrial per- 
meability transition (MPT), a process that involves opening 
of a large proteinaceous pore across both inner and outer 
membranes (Bernardi et al., 2001). This is associated with a 



loss of mitochondrial energization, swelling of the matrix, 
and rupture of the outer membrane, again accompanied by 
the release of numerous proapoptotic factors. In addition, 
TNF-a activates different stress-activated protein kinase 
(SAPK) cascades in liver cells, resulting in the stimulation 
of p38 mitogen-activated protein kinase (MAPK) and Jun 
N-terminal kinase (JNK) (Wajant et al., 2001). Both affect 
the sensitivity of mitochondria to proapoptotic stimuli: JNK 
by phosphorylation of antiapoptotic proteins, such as Bcl-2 
and Bcl-X L , and p38 MAPK by enhancing the effects of the 
proapoptotic Bcl-2 family protein Bax. 

At the same time, TNFRl activation initiates cytoprotec- 
tive responses in hepatocytes through other signaling cas- 
cades. Prominent is the activation of nuclear factor-kappa B 
(NF-kB), through a pathway that probably also involves 
TRAF2 and RIP, activating a protein kinase cascade that re- 
sults in the phosphorylation and degradation of the NF-kB in- 
hibitory protein I-kB (Wajant et al., 2001). This enables NF- 
kB to migrate to the nucleus and activate the transcription of a 
variety of genes, such as inhibitor of apoptosis (IAP) 1 and 2, 
the products of which suppress the activation of caspases 
through the death pathway. Hence, these protective actions are 
prevented when gene transcription or protein synthesis is in- 
hibited. Additional protection probably comes from a TNFRl - 
stimulated cascade that results in activation of 1-phosphati- 
dylinositol 3-kinase (PI3-kinase), the polyphosphoinositide 
products of which cause activation of protein kinase B (Akt/ 
PKB). The Akt/PKB phosphorylates and inactivates Bad, an- 
other proapoptotic protein of the Bcl-2 family that acts 
through its interaction with mitochondria (Pastorino et al., 
1999b). Hence, the initiation of the apoptotic program in a 
particular cell eminently depends on the appropriate balance 
of a variety of signaling cascades, and the balance of down- 
stream actions of these cascades seems to target the mitochon- 
dria, which act as a master switch for the apoptotic machinery. 

3. Ethanol treatment enhances the susceptibility of cells 
to TNF-a by mechanisms that involve the mitochondrial 
permeability transition 

There is considerable evidence that ethanol treatment pre- 
conditions hepatocytes to shift the balance of cytoprotective 
and cytotoxic actions initiated by TNF-a (or other cyto- 
kines), thereby impairing the appropriate response of the cell 
to toxic challenges. Results of studies in our laboratory have 
demonstrated that hepatocytes isolated from rats that re- 
ceived an ethanol-containing liquid diet for 6 to 8 weeks are 
susceptible to TNF-a-induced cytotoxicity in a dose- and 
time-dependent manner, even in the absence of inhibitors of 
transcription or protein synthesis (Pastorino & Hoek, 2000). 
Importantly, the effect of ethanol treatment does not fully 
mimic the effect of inhibitors of protein synthesis, and the 
TNF-a-induced cytotoxicity does not involve activation of 
caspase 8. Thus, the pathways involved in TNF-a-mediated 
cell death that are active in ethanol-treated hepatocytes seem 
to bypass the classical death domain signaling cascade. This 
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is compatible with a role for other TNF-a-induced cytotoxic 
signaling pathways (e.g., those depending on TNF-a-in- 
duced ceramide formation) (Garcia-Ruiz et al., 1997). 

The cytotoxicity associated with TNF-a treatment of 
hepatocytes obtained from ethanol-fed animals involves the 
early loss of mitochondrial function, as demonstrated by mi- 
tochondrial depolarization and the release of cytochrome c 
from the mitochondrial cell fraction to the cytosol, which oc- 
curs well before the loss of cell integrity is evident. The de- 
cline in the mitochondrial membrane potential is due to the 
mitochondrial permeability transition, and inhibition of this 
process with cyclosporin A prevents the TNF-a-induced cell 
death (Pastorino & Hoek, 2000). In previous studies from our 
laboratory, we had demonstrated that mitochondria obtained 
from ethanol-fed rats are more susceptible to undergo the per- 
meability transition in response to a wide variety of chal- 
lenges (Pastorino et al., 1999a). Hence, the effects of ethanol 
treatment may be a reflection of its effects on mitochondria. 

Deterioration of liver mitochondrial function after chronic 
ethanol treatment has been well documented (Cunningham et 
al., 1990). Oxidative phosphorylation is impaired because of a 
defect in the synthesis of mitochondrially encoded proteins. 
Although this defect is not usually evident in limiting the en- 
ergy supply in the liver and ATP levels are maintained under 
normal conditions, it may be more difficult for the cell to re- 
spond appropriately to stress conditions that place high de- 
mands on the mitochondrial bioenergetic capacity. In addition, 
ethanol treatment induces changes in mitochondrial mem- 
brane structure (Rottenberg et al., 1984) that have been re- 
ported to account for defective mitochondrial uptake of glu- 
tathione and a decline in its defense capacity against oxidative 
stress (Fernandez-Checa et al., 1997). This could further en- 
hance the onset of the mitochondrial permeability transition 
under conditions of oxidative challenge (Higuchi et al., 2001). 

The effects of chronic ethanol treatment on mitochon- 
drial function may also include alterations in the upstream 
signaling pathways that mediate the protective or damaging 
effects of TNF-a. The onset of the mitochondrial perme- 
ability transition is controlled by a variety of proapoptotic 
and antiapoptotic signals that have an impact on the compo- 
nents of the permeability transition pore complex. For in- 
stance, results of preliminary studies indicate that inhibition 
of MAPK cascades that control the balance of proapoptotic 
and antiapoptotic proteins interacting with mitochondria 
could prevent the TNF-a-induced onset of the mitochon- 
drial permeability transition in hepatocytes obtained from 
ethanol-fed rats (unpublished observations, J. G. Pastorino, 
2001). Hence, the changes in susceptibility to TNF-a cyto- 
toxic signals probably reflect multiple levels of adaptive (or 
maladaptive) effects of chronic ethanol treatment. 

4. Is ethanol metabolism required for the ethanol- 
induced sensitization of hepatocytes to TNF-a? 

The liver is the major site of ethanol oxidation, and the 
results of numerous studies attest to the potential damage 



elicited by metabolites of ethanol [e.g., through the forma- 
tion of acetaldehyde and the oxidative stress generated by 
ethanol oxidation through cytochrome P450 isoforms, spe- 
cifically cytochrome P450-2E1 (CYP2E1)] (Lieber, 1997). 
However, ethanol also exerts direct effects on membranes 
and proteins. For example, a variety of ion channels, neu- 
rotransmitter receptors, and signaling proteins are affected 
by ethanol binding to hydrophobic protein domains (Co- 
varrubias et al., 1995; Seiler et al., 2000; Wick et al., 1998; 
Wilkemeyer et al., 2000). Hence, we have analyzed to what 
extent ethanol enhances the cytotoxic effects of TNF-a in 
HepG2 cells, a hepatoma-derived cell line that has been re- 
ported to lack detectable alcohol dehydrogenase and 
CYP2E1 activities (Clemens et al., 1995; Wu & Ceder- 
baum, 1996). Even in this cell line, we observed an ethanol- 
induced enhancement of TNF-a-induced cell death with 
characteristics that were similar to those obtained with 
hepatocytes isolated from ethanol-fed rats (Pastorino & 
Hoek, 2000). Notably, activation of the death domain sig- 
naling pathways resulting in caspase 8 activation was not 
required for TNF-a-induced cytotoxicity, but early activa- 
tion of the mitochondrial permeability transition was essen- 
tial. Ethanol did not exert its effects acutely, but required 
preincubation of the cells for 48 h or longer. Thus, it seems 
that ethanol treatment induces changes in cellular defense 
mechanisms that control the balance of proapoptotic and an- 
tiapoptotic proteins acting on mitochondria. Oxidative 
stress markedly enhances the potentiation by ethanol of cy- 
totoxic responses to TNF-a. HepG2 cells that were trans- 
fected with CYP2E1, when treated with ethanol for 48 h, 
were killed at much lower TNF-a concentrations and over 
shorter periods than were mock-transfected control cells. 
These effects were completely reversed by the antioxidant 
ebselen (Pastorino & Hoek, 2000). However, ebselen- 
treated cells still showed the slower onset potentiation by 
ethanol of TNF-a-induced cytotoxicity, similar to the TNF- 
a-induced cell killing in wild-type HepG2 cells. Hence, ox- 
idative stress initiated by ethanol oxidation through 
CYP2E1 promoted the effects of ethanol, but it is not essen- 
tial for its enhancement of TNF-a-mediated cell death. 

These findings do not necessarily imply that cellular 
stress signaling pathways are not involved in the effects of 
ethanol on untransfected HepG2 cells. As we pointed out 
earlier, a decreased capacity to respond to a variety of stress 
conditions may result directly from the ethanol-induced de- 
terioration of mitochondrial function, but might also be due 
to an enhancement of upstream signaling cascades that 
transmit the stress signals to the mitochondria. In either 
case, the mechanisms underlying these actions of ethanol 
remain to be determined. Further studies are required, both 
at the level of isolated cells and in cell culture model sys- 
tems to understand better the mechanisms by which ethanol 
treatment interferes with the TNF-a signaling machinery. 
We also need to understand how these signaling pathways 
contribute to the progressive tissue damage that is associ- 
ated with alcoholic hepatitis in the intact tissue. 



J.B. Hoek and J. G. Pastorino /Alcohol 27 (2002) 63-68 



67 



5. Apoptosis and necrosis in alcoholic liver disease 

How relevant are the studies on ethanol-mediated en- 
hancement of the cell death response induced by TNF-a in 
isolated hepatocytes or HepG2 cells for understanding the 
mechanism by which ethanol treatment in vivo promotes 
liver damage? Ethanol-dependent liver damage is typically 
associated with tissue necrosis and infiltration of neutro- 
phils and other inflammatory cells. The results of our stud- 
ies on isolated hepatocytes and HepG2 cells show that TNF- 
a induces a mixed pattern of cell death, as detected by a 
fluorescence-activated cell sorter (FACS) with the use of 
fluorescence markers for apoptosis and necrosis. Some cells 
display the hallmarks of apoptosis, with characteristics of 
caspase activation, DNA laddering, and chromatin conden- 
sation, and other cells show evidence of necrosis (Pastorino 
& Hoek, 2000). However, it is difficult to predict how the 
liver cells will respond in the integrated tissue context, in 
which they are challenged simultaneously by multiple other 
cytokines, by ROS and RNS, and by other products derived 
from activated neutrophils and other inflammatory cells. 

The apoptotic response is a defense mechanism by which 
the tissue disposes of unwanted or damaged cells. However, 
as illustrated in Fig. 2, if conditions are unfavorable for 
completion of the program (e.g., in the face of overwhelm- 
ing cell damage or when the energy supply is inadequate for 
sustaining the process), cells may default to a necrotic form 
of cell death, which fails to show apoptotic characteristics 
(Leist et al., 1997). There is considerable discussion 
whether apoptosis occurs as an integral part of the response 
of the tissue to the damage associated with alcoholic hepati- 
tis or other liver failure (Casey et al., 2001; Kanzler & 
Galle, 2000). However, the boundaries between apoptotic 
and necrotic forms of cell death are not always all that 
sharp, and the activation of the apoptotic cell-death program 
may well contribute substantially to a predominantly ne- 
crotic pattern of damage. Whether cells ultimately die by 
apoptosis or necrosis may depend on secondary factors de- 
termined by local conditions in the tissue. 

Could these local conditions also account for the pre- 
dominantly centrilobular necrosis that is characteristic of 
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Fig. 2. Balance between apoptosis and necrosis in response to damage signals. 



ALD? A variety of factors have been suggested to cause 
centrilobular tissue damage, including the prevalence of 
CYP2E1 expression in the pericentral region of the liver 
(Buhler et al., 1992) or the lower oxygen tension and tran- 
sient hypoxia that would occur locally (Arteel et al., 1997). 
Either of these factors could substantially impede the grad- 
ual progression of the ordered sequence of events in apopto- 
sis and enhance a shift toward necrosis. The mobilization of 
infiltrating neutrophils and monocytes that is triggered by 
the release of IL-8 and other chemokines requires necrotic 
cell death, and, therefore, a cascade of deleterious conse- 
quences would be triggered by a local shift toward necrotic 
forms of cell death. 

As in politics, all final decisions are local. 
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Abstract— In previous studies we have demonstrated that second-degree thermal 
injury of skin in rats leads to secondary effects, such as systemic complement 
activation, C5a-mediated activation of blood neutrophils, their adhesion-molecule- 
guided accumulation in lung capillaries and the development of acute pulmonary 
injury, largely caused by neutrophil-derived toxic oxygen metabolites. In the dermal 
bum wound, however, pathophysiologic events are less well understood. The injury is 
fully developed at four hours post-bum. To further elucidate the pathogenesis of the 
"late phase" dermal vascular damage, rats were depleted of neutrophils or complement 
by pretreatment with rabbit antibody against rat neutrophils or with cobra venom 
factor, respectively. In other experiments, rats were treated with blocking antibodies to 
1L-6, IH, and TNFa immediately following thermal burning or were pretreated with 
hydroxyl radical scavengers (dimethyl sulfoxide, dimethyl thiourea). Extravasation 
of ,25 I-labeled bovine serum albumin into the burned skin was studied, as well 
as, skin myeloperoxidase levels. The studies revealed that, like in secondary lung 
injury, neutrophils and toxic oxygen metabolites, are required for full development 
of microvascular injury. In contrast, however, development of dermal vascular damage 
in thermally injured rats was not affected by complement depletion. Our data 
suggest that the development of microvascular injury in the dermal bum wound 
is complement-independent, involves the pro-inflammatory cytokines IL-1, TNFa 
and IL-6, and may result from reactive oxygen metabolites generated by neutrophils 
accumulating in the bum wound. 



INTRODUCTION 

There have been significant advances in recent years in the treatment and care of 
burn patients. Therapies such as topical antibiotic administration, early debride- 
ment and grafting of affected areas and vast improvements in intensive care man- 
agement have contributed to a marked increase in survival rates (1). Despite this 
progress, the pathophysiology of the burn wound is still not fully understood. 
Second-degree dermal burn wounds provide an interesting point of investigation 
as this type of trauma results in extensive tissue damage not only locally, but 
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in distant organs, as well. The systemic effects occur in cases with extensive 
thermal trauma, but can be seen even in burn injuries covering only one quarter 
of the total body surface area (TBSA). In a second-degree thermal injury model 
in rats involving 25-30% TBSA, secondary lung injury has been observed. Till, 
et al. (1983) described systemic complement activation, as detected by reduc- 
tions in hemolytic activity of individual complement components (C3, C4, C6) 
and crossed immunoelectrophoresis analysis of the conversion of serum C3 
(2). Chemotaxis assays showed C5a-mediated activation of blood neutrophils 
to occur, as well. Secondary accumulation of polymorphonuclear leukocytes 
(PMN) has been shown to occur in lung tissues, followed by development of 
acute pulmonary injury, related to production of neutrophil-derived toxic oxy- 
gen metabolites (2). Employing the same animal model of dermal burn injury, 
PMN influx into lung tissues was reduced substantially (up to 77%) using anti- 
bodies to adhesion molecules (LFA-1, Mac-1, ICAM-1, E and L-selectin) (3). 

The process of local edema formation in the burn wound appears to be more 
complex, as it involves both the direct effect of heat and the consequences of 
inflammatory mediators locally generated in response to the thermal insult. It 
has been shown that under conditions of limited thermal, chemical or physical 
trauma, two waves of increased vascular permeability occur in the slcin (4). The 
"early phase" of increased permeability— approximately one hour after thermally 
injury — was shown to develop as a result of complement activation with anaphy- 
latoxin release and mast cell secretion of histamine. This lead to an enhancement 
of xanthine oxidase activity and increased production of oxygen radicals, dam- 
aging endothelial cells (5). This one hour injury has been shown to be neutrophil 
independent (6). 

The pathophysiology of "late phase" dermal microvascular injury (at 
approximately four hours post-burn) is less well understood. The delay in onset 
of this injury would indicate that a series of elaborate events must take place 
before maximal tissue damage is achieved. Recent data from our group suggest 
that, in contrast to the "early phase" edema formation, blood neutrophils are 
involved in the pathogenesis of the "late phase" injury. Since antibodies to neu- 
trophils, as well as, to E- and L-selectin and ICAM-1 were shown to effectively 
reduce vascular leakage in the dermal burn wound at four hours post-bum (3), 
we sought to clarify the mechanism for neutrophil recruitment and infiltration by 
focusing on the upstream inflammatory mediators that may regulate these events. 
The current studies were designed to elucidate the role of the cytokines IL-6, 
IL-1 and TNFa, as well as complement, and to further clarify the role of neu- 
trophils in the development of microvascular injury in the second-degree, "late 
phase" dermal burn wound. Here, we present evidence which demonstrates that 
the four hour burn injury is complement independent, involves the proinflamma- 
tory cytokines IL-6, IL-1 and TNFa and may result from the tissue-damaging 
effects of neutrophil-derived reactive oxygen species. 
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MATERIALS AND METHODS 

Animal Model of Thermal Injury 



The experimental burn model used in the present study has been described previously (2, 6, 
7). Adult male, specific pathogen-free Long-Evans rats (300-350 g, Harlan Sprague-Dawley, Indi- 
anapolis, Indiana) were used in all experiments. Ketamine hydrochloride (100 mg/kg body weight) 
(Fort Dodge Laboratories, Fort Dodge, Iowa) and xylazine (13 mg/kg body weight) (Bayer Corpo- 
ration, Shawnee Mission, Kansas) were administered intraperitoneally and intramuscularly, respec- 
tively, throughout the experiment. This ensured that the animals were properly anesthetized for the 
entire procedure, from the induction of the burn injury to the time of sacrifice. The skin over the 
lumbosacral and dorsal flank areas was shaved and exposed to 70°C water for 30 s. This resulted 
in a deep second-degree skin bum involving 25 to 30% of the total body surface area. Animals 
were sacrificed at 4 h by cervical dislocation. Control animals were exposed to 22°C water. All 
experiments were in accord with the standards in The Guide for the Care and Use of Laboratory 
Animals, and were supervised by veterinarians from the Unit for Laboratory and Animal Care of 
the University of Michigan Medical School. 

Measurement of Microvascular Injury. Local microvascular injury was assessed by measure- 
ment of extravasation of radiolabeled bovine serum albumin ( ,25 I-BSA) into the burned skin. Imme- 
diately prior to thermal injury, burn or sham-treated animals received an intravenous injection of 0.5 
fiC\ of l23 I-BSA in 0.5 ml sterile phosphate buffered saline (PBS). Using a template, four uniform 
skin samples, each one square inch in size, were excised from the burned area on each animal. For 
calculations of the permeability index, the amount of radioactivity ( l25 I-BSA) in skin biopsies was 
compared to the amount of radioactivity present in 1.0 ml of blood obtained from the inferior vena 
cava at the time of sacrifice (4 h). 

Measurement of Skin Myeloperoxidase (MPO) Content. Local accumulation of neutrophils 
was assessed by measurement of myeloperoxidase in skin biopsies. Animals received burn or sham 
treatment as described above. At time of sacrifice (4 h), four 4 mm punch biopsies from standardized 
areas of the wound were taken from each animal and instantly frozen in liquid nitrogen. The biopsies 
were homogenized in 500 of PBS pH 7.4, containing 0.1% Iween 20, sonicated on ice and 
insoluble material removed by centrifugation at 3000 rpm for 10 min. 5 pi of tissue extract (PBS 
pH 7.4 and 0.1% Tween 20) were incubated with 100 pi of 2,2^Azino-di-[3-emylbenzthiozoline 
sulfonate (6)] diammonium salt solution (ATBS substrate) (Boehringer Mannheim, BIOCHEMICA. 
Germany) and the maximum velocity of the substrate/MPO chromogenic reaction (Vmax) measured 
by monitoring the 96 well low-protein binding flat bottom plates (Corning Glass Works, Corning, 
New York) at 405 nm over a two minute period (BioTek Elx808 microplate reader) (BIO-TEK 
Instruments, INC., Winooski, Vermont). Kinetic calculations were performed using KC3 software 
(BIO-TEK Instruments, Inc.). MPO concentrations in samples were determined using a standard 
curve of purified MPO (CALBIOCHEM, San Diego, California). MPO values are reported as units 
of activity/biopsy. 



Interventional Studies 



Cytokine Blockade. Irrelevant IgG antibody, anti-mouse IL-6 polyclonal antibody, and anti- 
rat IL- 1/5 monoclonal antibody were obtained from R&D Systems, Minneapolis, Minnesota. Anti- 
rat TNFa polyclonal antibody were purchased from PeproTech, INC.. Rocky Hill, New Jersey. In 
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each case, antibodies were given in a total amount of 500 jig per animal* in 0.5 ml sterile PBS, 
administered intravenously in two equal doses at 30 and 120 min post-burn. 

Complement Depletion. Cobra venom factor (CVF) was purified from crude lyophilized 
cobra venom (Naja naja kaouthia) (Sigma Chemical Company, St. Louis, Missouri) by ion exchange 
chromatography and gel filtration (8). Complement depletion was achieved by serial intraperitoneal 
injections of 4 X 20 units CVF in 12 h intervals, resulting in undetectable levels of serum hemolytic 
complement activity (CH50 Assay). The experiments were performed 12 h after the final injection 
of CVF. 

C5a Blockade. Isolation of polyclonal antibody to C5a was performed as described by Mul- 
ligan, et al. (9). Briefly, animals were immunized with rat C5a. Obtained serum was IgG purified by 
acid elution of Sepharose G beads (Pharmacia Biotech AB, Uppsala, Sweden), followed by extensive 
dialysis against PBS. Characterization of the anti-rat C5a antibody was performed by immunopre- 
cipitation and Western blot analysis showing a single band at 14 kDa. This antibody was given in 
a total amount of 400 pg per animal, administered intravenously in two equal doses at 30 and 120 
min post-burn. 

Neutrophil Depletion. Neutrophil depletion was induced by the intraperitoneal injection of 
1.0 ml of rabbit antiserum to rat PMN (Accurate, Westbury, New York) 16 h prior to the experiment. 
TTiis procedure reduced neutrophil counts in peripheral blood by >90 percent. 

Hydroxyl Radical Scavenger Administration. Dimethyl thiourea (DMTU) (Sigma Chemical 
Co.) (1000 mg/kg body weight) in 1.0 ml sterile PBS was injected intraperitoneally 10 min prior 
to thermal injury. Dimethyl sulfoxide (DMSO) (Sigma Chemical Co.) (500 /*g) in 1.0 ml sterile 
PBS was injected intraperitoneally 10 min prior to thermal injury. The effectiveness of the chosen 
concentrations of scavengers was demonstrated in earlier studies (7). 

Statistical Analysis. Data sets were analyzed using one-way ANOVA. Individual group 
means were compared with the Tukey multiple comparison test All values were expressed as mean 
± SEM. Significance was assigned where P < 0.05. For percentage change between groups, val- 
ues obtained from negative controls were subtracted from each data point Statistical analysis was 
performed using SigmaStat 2.0 (Jandel Scientific Software, San Rafael, California). 



RESULTS 

Protective Effects of Neutrophil Depletion in Dermal Burn Injury, Neu- 
tropenia was achieved by intraperitoneal injection of antiserum to rat PMN. 
Extravasation of l25 I-bovine serum albumin into the skin 4 h after thermal trauma 
was used to measure tissue injury. The results of neutropenia on the development 
of increased vascular permeability in the skin are shown in Figure 1, Negative 
controls had a permeability index of 0.049 ± 0.039. Neutrophil depletion was 
associated with a 58% (P < 0.001) attenuation of the dermal vascular perme- 
ability four hours after thermal injury (permeability index of 0.405 ± 0.038 in 
neutrophil depleted rats versus an index of 0.898 ± 0.039 in nontreated rats). 
Thus, availability of PMNs seems to be required for the full development of 
dermal microvascular injury four hours after thermal trauma. 

Failure of Complement Depletion to Protect Against Dermal Microvascu- 
lar Injury. Complement depletion was induced with CVF as described above. 
Extravasation of l25 I-bovine serum albumin into the skin four hours after ther- 
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Second-Degree Dermal Injury Is 
Neutrophil Dependent and 
Complement Independent 
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TREATMENT 

Fig. 1. Effects of complement depletion and neutrophil depletion on dermal vascular injury 4 h 
after thermal trauma to skin as measured by leakage of I25 I-labeled bovine serum albumin. For 
each vertical bar, N = 4. 



mal trauma was used to assess tissue injury. The results of complement depletion 
on the development of increased vascular permeability in the skin are shown in 
Figure 1. Complement depleted rats had a permeability index of 0.88 ± 0.06S 
versus an index of 0.898 ± 0.039 in non-treated rats (PN.S). Thus, complement 
depletion was not associated with a significant reduction in dermal vascular per- 
meability compared with positive controls. 

Failure of C5a Blockade to Protect Against Dermal Microvascular Injury. 
In the presence of antibody to C5a, vascular permeability index was calculated. 
Anti-C5a-treated rats had an index of 0.89 ± 0.054, as compared with an index of 
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Cytokine Blockade Reduces 
Second-Degree Dermal Burn Injury 
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TREATMENT 

Fig. 2. Effects of cytokine blockade on dermal vascular injury 4 h after thermal trauma to skin as 
measured by leakage of 125 Mabeled bovine serum albumin. For each vertical bar, n = 5 or higher. 

and 0.89 ± 0.047 in positive controls (PN.S.). C5a blockade was not associated 
with a significant reduction in dermal vascular permeability compared with pos- 
itive controls. Thus, C5a does not seem to be required for dermal microvascular 
injury four h after thermal trauma, providing further evidence that development 
of the "late phase" burn wound is complement independent. 

Protective Effects of Cytokine Blockade Against Dermal Microvascular 
Injury. Protection against increased vascular permeability in skin 4 h after ther- 
mal injury was evaluated through the use of blocking antibodies to cytokines. 
Vascular permeability index was calculated as described above. The negative 
control skin permeability index was 0.049 ± 0.002; this value increased to 0.885 
± 0.048 in positive controls, as shown in Figure 2. Treatment with anti-IL-6 was 
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Hydroxyl Radical Scavengers Reduce 
Second-Degree Dermal Burn Injury 
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Fig. 3. Effects of hydroxyl radical scavengers on dermal vascular injury 4 h after thermal trauma 
to skin as measured by leakage of 123 I-labeled bovine serum albumin. For each vertical bar, n = 4. 



associated with a 53% (P < 0.001) reduction in dermal vascular permeability to 
0.47 ± 0.031. Treatment with antibody to IL-1 resulted in a decrease of dermal 
vascular permeability by 34% (P < 0.001) to a value of 0.63 ± 0.068. Simi- 
larly, animals treated with anti-TNFa had a mean dermal vascular permeability 
index of 0.60 ± 0.068, which was 37% (P < 0.001) lower than the positive con- 
trol group. Thus, dermal microvascular injury at four hours after thermal trauma 
requires the cytokines IL-6, IL-1 and TNFa for fiill development. 

Protective Effects of Hydroxyl Radical Scavengers in the Skin Burn Wound, 
The effects of hydroxyl radical scavengers on vascular permeability in skin 
4 h after thermal injury was assessed by determination of vascular perme- 
ability index. The data are shown in Figure 3. Treatment with dimethyl thiourea 
(DMTU) was associated with a 56% (P < 0.001) reduction in vascular perme- 
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Table 1. Protection Against Neutrophil Influx into Thermally Injured Skin 



Treatment 



No. of 
animals 



MPO Value 
(x ± SEM) 



Significance 
(P values) 



Change 



None 



4 
4 
4 
4 
4 



23.81 ± 0.20 
8.70 ±0.81 
9.34 ± 1.60 
7.41 ±0.11 
6.94 ± 0.33 



<0.001 
<0.001 
<0.001 
<0.001 
<0.001 



anti-IL-6 
ami-It- 1 
anti-TNFa 
anti-PMN 



■67 
64 
73 
■75 



a For percentage change between groups, values obtained from negative controls were subtracted 
from each data point. 

ability as compared to the positive controls (0.426 ± 0.070 for DMTU treated 
rats, 0.898 ± 0.039 in non-treated rats). Treatment with dimethyl sulfoxide 
(DMSO) resulted in a 46% (P < 0.001) reduction in dermal vascular perme- 
ability (0.508 ± 0.081 with DMSO treatment, 0.898 ± 0.039 without). Thus, 
blockade of hydroxyl radicals results in a marked protective effect on dermal 
microvascular injury four hours after thermal trauma, indicating an important 
role for these radicals in the "late phase" local burn injury. 

Role ofPMN in the Dermal Burn Wound. Skin samples from injured ani- 
mals treated with irrelevant antibodies or specific antibodies directed against the 
cytokines IL-6, IL-1 and TNFa or against rat PMNs were collected and assessed 
for MPO activity as a measure of tissue accumulation of neutrophils. Negative 
control animals showed values of MPO content of 1.31 ± 0.019, increasing to 
23.8 ± 0.20 in samples from positive controls. The results of interventional stud- 
ies of vascular leakage (Figure 1) were noticeably similar to PMN accumulation 
in these treatment groups (Table 1). Anti-IL-6 treated animals showed a MPO 
value of 8.7 ± 1.6 which represents a 67% (P < 0.001) reduction in PMN accu- 
mulation. Anti-IL- 1 -treated animals showed a 64% (P < 0.001) decrease in MPO 
value to 9.3 ± 3.2. Anti-TNFa-treated animals displayed an MPO value of 7.4 
± 0.23, a reduction of 73% (P < 0.001) as compared to positive controls. As 
would be expected, neutrophil depletion resulted in a 75% {P < 0.001) reduc- 
tion in MPO value to 6.9 ± 0.66. Therefore, blockade of IL-6, IL-1 and TNFa 
greatly reduced tissue MPO activity, demonstrating a clear requirement for these 
cytokines in neutrophil accumulation during the "late phase" dermal burn injury. 



DISCUSSION 



Our data indicate that development of the late phase of microvascular leak- 
age (four h post-burn) in thermally injured rat skin requires the pro-inflammatory 
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cytokines IL-6, IL-1 and TNFa. The ability of blocking antibodies to each of the 
aforementioned cytokines to attenuate both vascular injury and polymorphonu- 
clear leukocyte (PMN) influx into the bum wound suggests that these cytokines 
represent upstream mediators in this inflammatory process. These cytokines may 
affect vascular endothelial cells (EC), which are known to actively participate 
in the development of inflammatory reactions by controlling fluid leakage and 
promoting adhesion and activation of leukocytes, or target PMN. With regard to 
IL-1 and TNFa, there is a large body of evidence detailing the ability of these 
cytokines to activate EC to synthesize and express adhesion molecules (10-14). 
The adhesion molecules ICAM-1 and E- and L-selectin have previously been 
shown to be required for full development of vascular injury in the "late phase" 
edema formation of thermally injured rat skin (3). In addition, IL-1 and TNFa 
have been shown to induce cellular production of IL-6 (15, 16). 

There are several ways in which IL-6 may exert pro-inflammatory effects 
on increased vascular permeability and PMN influx in acute local thermal injury. 
There is in vitro evidence that IL-6 increases endothelial permeability by rear- 
ranging actin filaments and by changing the shape of endothelial cells (17). Biffl, 
et al., have demonstrated that with platelet-activating factor, IL-6 potentiates 
PMN priming and delays PMN apoptosis (18, 19), both effects which contribute 
to PMN-mediated tissue damage. Furthermore, Mullen et al. demonstrated that 
IL-6 is capable of interacting synergistically with TNFa to augment the effect 
of TNFa on PMN phagocytosis and superoxide production in vitro (20). The 
authors hypothesized IL-6 to be a more distal mediator of the cytokine cascade, 
which may modulate an inflammatory response to trauma initiated by other, more 
proximal cytokines. This supports our data which show IL-6 blockade to be the 
most effective of the cytokine interventions in reducing dermal vascular injury 
after thermal trauma. Lastly, expression of ICAM-1 on myocytes is induced by 
IL-6 in a cardiac ischemia/reperfusion injury model (21). Given the established 
role of ICAM-1 and E- and L-selectin in the development of "late phase" edema 
in thermally injured skin, it is possible that IL-6 may exert a similar effect on 
EC in the pathogenesis of burns, resulting in increased PMN recruitment and 
infiltration into injured tissues. 

PMN depletion resulted in a significant decrease in both vascular leakage 
and PMN accumulation in skin at 4 h. This is in contrast to the 1 h burn wound 
for which PMN involvement was not required (7). The delay in burn wound 
edema formation may be explained by the time necessary for the cytokine cas- 
cade to cause expression of adhesion molecules in the injured skin and activate 
PMNs. The notion that increased tissue damage then results from PMN-derived 
reactive oxygen species is supported by our data showing the ability of hydroxyl 
radical scavengers in these experiments to reduce vascular injury. The fact that 
PMN depletion, or any of the other interventions, was only able to result in a 
maximum reduction of approximately 60% in vascular leakage is most likely 
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due to the possibility that a large percentage of injury and cell death (approxi- 
mately 40%) is directly heat-related. A similar phenomenon was observed in the 
assay of skin MPO content. 

It is known that the burn model utilized in these experiments produces sys- 
temic complement activation that initiates a series of events leading to the "early 
phase" edema formation in the burned skin. Interestingly, neither complement 
depletion nor C5a blockade was able to attenuate local vascular permeability 
at four hours. In this case, the effects of cytokines and PMNs may be able to 
produce maximal injury even in the absence of complement. Another possibility 
is that the role of complement is fulfilled in the early phase, whereas the late 
phase is more dependent on the ensuing inflammatory reaction. Despite the fact 
that our data does not support a role for complement in the "late phase" burn 
wound, a complete lack of involvement of complement components cannot be 
stated. Recently, studies have revealed local complement production in numerous 
and varied tissues in an ischemia/reperfusion injury in rabbit (22). Complement 
proteins may be present in thermally injured tissue and contributing to the devel- 
opment of the 4 h injury, but were not effectively blocked by our antibody to 
C5a or were able to be produced in significant amounts in skin, though serum 
complement levels were undetectable following treatment with CVF. Adminis- 
tered in one dose immediately prior to induction or thermal trauma, 400 fig of 
anti-C5a was able to slightly, though not significantly, reduce vascular leakage 
at four hours (data not shown). 

We therefore conclude that the development of the "late phase" dermal vas- 
cular injury following thermal trauma to the skin is largely mediated by the 
pro-inflammatory actions of cytokines, in particular 1L-6. IL-6 may modulate 
the effects of TNFa and IL-1, resulting in EC expression of E- and L-selectin 
and ICAM-1. IL-6 also may act directly on EC to alter cell structure and/or 
promote upregulation of adhesion molecules. PMN-generated reactive oxygen 
species appear to be responsible for the local tissue damage. Complement does 
not appear to play a significant role, if any, in the pathogenesis of the "late phase" 
second-degree burn wound. 
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While the elimination of hepatitis B virus (HBV) is a 
common phenomenon at the end of the acute phase of 
disease, the persistence of HBV is characteristic for 
chronic hepatitis (CHB). Recent evidence indicates 
that the elimination of HBV is achieved by FAS/FAS- 
L induced apoptosis of infected hepatocytes. The aim 
of this study was to test the hypothesis that HBV per- 
sistence in the hepatocytes of CHB patients is due to 
the delayed onset of apoptosis caused by altered 
FAS/FAS-L interactions between lymphocytes and 
hepatocytes. The expression of FAS, FAS-L, BAX, 
BCL-2, ICE and PCNA in the liver biopsies of 55 
patients (14 HBsAg positive, 20 patients with alco- 
holic hepatopathy, 21 patients with other hepato- 
pathies) was tested by immunohistochemistry. Apop- 
tosis of hepatocytes was evaluated by morphological 
as well as by TUNEL method. The results were corre- 
lated with a grading/staging score and analysed sta- 
tistically using a one way analysis of variance and the 
Duncan test. Significantly higher numbers of BAX 
positive hepatocytes were observed in HBsAg posi- 

Keywords: apoptosis, hepatitis B virus, FAS, FAS-L 



tive patients when compared to control groups. Simi- 
larly, both BAX and FAS positive lymphocytes were 
more frequent in HBsAg positive patients. FAS-L pos- 
itive lymphocytes and hepatocytes were numerous in 
all patient groups. Increased numbers of BAX posi- 
tive hepatocytes in CHB may reflect the increased 
readiness of these cells to undergo apoptosis. Howev- 
er, the increased numbers of both BAX and FAS posi- 
tive lymphocytes in CHB suggest that these cells may 
be particularly sensitive to FAS-L mediated apoptosis 
potentially resulting in lowered viability of these 
lymphocytes. This may explain, at least in part, the 
defective removal of virus-infected cells in chronic 
hepatitis. However, we cannot rule out the possibility 
that survival of hepatocytes during CHB may be due 
to other mechanisms such as defects in apoptosis acti- 
vation triggered by CD40, defects involving DNase 
and/or other caspases downstream in the apoptotic 
cascade within these cells, or to defects in CTL func- 
tion. (Pathology Oncology Research Vol 6, No 2, 
130-135, 2000) 



Introduction 

It is generally accepted that the hepatitis B virus (HBV) 
does not directly cause the pathological effects of acute 
and chronic necrotizing inflammatory liver disease. This 
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conclusion is supported by the fact that HBV infection in 
approximately 90-95% of cases results in transient liver 
disease followed by viral clearance. 18,51 It is evident that an 
immune response mediated by cytotoxic T lymphocytes 
(CTLs), either by the elaboration of various cytokines, or 
by direct interaction of these cells with HBsAg- positive 
hepatocytes, is primarily responsible for the associated 
liver disease. 311 ' 1617192531 - 35 - 38 ' 41 * 43 - 44 There are two separate 
mechanisms by which CTLs induce apoptosis in target 
cells. The first of these involves the perforin-granzyme 
pathway leading to secretion of the lytic protein, perforin, 
and of various serine proteases (granzymes), each of which 
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is stored in specific CTL granules and the consecutive 
release of which induces DNA fragmentation. 5,28,45 The 
second mechanism involves interaction between the FAS 
ligand and it's cell surface receptor, FAS. Both FAS and 
FAS ligand are members of the TNF receptor and ligand 
superfamily 6,34 and their interaction leads to the initiation 
of apoptosis by the activation of various caspases. 10,30,37 It 
has been suggested that the interaction between FAS lig- 
and, expressed on activated CTLs, and FAS protein locat- 
ed on HBV-infected hepatocytes, plays an essential role in 
the development of acute and fulminant hepatitis 24,42 or cir- 
rhosis. 13 However, other proteins may mediate the control 
of apoptosis. Among these the Bcl-2 gene family are one of 
the most important. Members of this family are either 
inducers (BAX, BAD, BAK, BID, BIK, BCL-Xg) or 
inhibitors (BCL-2, BCL-XJ of apoptosis. 14,26,39 It has 
recently been shown that BCL-2 expression by mouse 
hepatocytes protects them from FAS-mediated apoptosis, 
suggesting the potential for alternative approaches to the 
prevention of hepatic failure due to viral hepatitis in man. 27 

Chronic hepatitis associated with viral persistence and 
potentially serious complications such as cirrhosis and 
hepatocellular carcinoma develops in 5-10% of patients 
infected with HBV. A number of viruses, including HBV, 
have developed strategies that enable them to persist 
inside host cells and escape immune control. Clonal dele- 
tion of virus-specific T cells, mutation of viral gene 
regions encoding epitopes critical for T cell recognition, 
inhibition of intracellular antigen processing and induction . 
of T cell anergy, 36 are among the most important. Another 
mechanism, the maintenance of an immunoprivileged 
state within infected hepatocytes might be relevant to the 
long-term survival of HBV. FAS/FAS ligand interactions 
could play an important role in this process by the induc- 
tion of apoptosis and the elimination of FAS-bearing 
CTLs, 15,47 as has been demonstrated in the prevention of 
graft rejection, 4,49 in testicular and melanoma cells 20,50 and 
in hepatocellular carcinoma cells. 46 

The role of FAS in chronic hepatitis has been studied by 
Mochizuki et al, 32 who showed that FAS expression by 
hepatocytes closely correlated with the activity of viral 
hepatitis in patients infected with HBV. However, with 
exception of the study of Luo et al 29 who detected FAS-L 
protein in hepatocytes and infiltrating lymphocytes in the 
HBV-related chronic liver disease, there are no data on the 
expression of the FAS ligand during chronic HBV infec- 
tion. We can speculate that an increase in the FAS ligand 
expression by HBV-infected hepatocytes could contribute 
to the development of an immunoprivileged state by the 
induction of apoptosis in FAS bearing CTLs. To support 
this hypothesis and to enhance understanding of the 
FAS/FAS ligand role in HBV infected hepatocytes we ana- 
lyzed by immunohistochemistry the expression of BCL-2 
and BAX proteins in chronic HBV infection in relation to 



FAS/FAS-L expression. We also assessed proliferative 
activity by analysis of PCNA expression and the frequen- 
cy of apoptosis. Furthermore, we compared the results 
with expression of the same proteins in patients with alco- 
holic and other hepatopathies. 

Materials and Methods 

Formalin fixed, paraffin-embedded liver biopsies from 
14 HBsAg seropositive patients, 20 patients with alcoholic 
hepatopathy and 21 patients with other hepatopathies were 
used for the immunohistochemical detection of FAS, FAS- 
L, BCL-2, BAX, ICE and PCNA. Histopathological grad- 
ing and staging were performed according to Ishak et al. 23 
The presence of HBsAg in hepatocytes was also detected 
by histochemical means (Orcein stain). At the time of 
biopsy all patients were tested for serum levels of alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), 
gamma-glutamyltransferase (GMT), alkaline phosphatase 
(ALP) and for prothrombin time (Quick), albumin (ALB) 
and total serum protein (TSP). 

A standard immunoperoxidase technique using biotiny- 
lated secondary anti-mouse or anti-rabbit antibodies, fol- 
lowed by streptavidin peroxidase 9 was used for the 
immunohistochemical detection of PCNA, BCL-2, BAX, 
ICE, FAS and FAS-L proteins (see Table i). The primary 
antibody was omitted from negative controls. As positive 
controls we used anaplastic astrocytoma stained with anti- 
PCNA, follicular lymphoma stained with anti-BAX and 
anti-BCL-2, bile ducts stained with anti-FAS and activated 
CTLs in hepatitis stained with anti FAS-L. The grade of 
immunopositivity in each case was scored semi-quantita- 
tively at a magnification of 400x in the following range: 
0 = 10% of cells positive; 1 = 11-29% cells positive; 
11=30-59% cells positive; 111 = 60% or more cells positive. 
The immunopositivity score was verified by measurement 
of the percentage of positive cells within specimens using 
the computerised image analysis system LUCIA M (Labo- 
ratory Imaging, Prague). A case was classified as positive if 
the percentage of positive cells was greater than 11% (grade 
score Mil). The expression of proteins was assessed in both 
hepatocytes and lymphocytes. Determination of apoptosis 
was achieved by the use of TUNEL kit for in situ death 

Table 1 Primary antibodies 

Antigen (clone) Dilution Antigen retrieval Source 
PCNA (PC10) prediluted yes (3x5 min.) MOU Brno 



BCL-2 (124) 
BAX (N-20) 
FAS (N-18) 
FAS-L (N-20) 
ICE plO (C-20) 



20 
40 

;50 
;50 
:50 



yes (2x5 min.) 

No 

No 

No 

yes (1x5 min.) 



Dako 
Santa Cruz 
Santa Cruz 
Santa Cruz 
Santa Cruz 
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Figure 1. Statistically significant differences observed between patient groups; a) Grade/stage of disease (according to Ishak); b) 
percentage of BAX positive bepatocytes and; c) infiltrating lymphocytes within patient groups d) percentage of FAS positive infil- 
trating lymphocytes, e) Percentage of FAS-L positive hepatocytes and f) lymphocytes. Abbreviations; Ale = alcoholic hepatopathy; 
Oth = Other hepatopathies. 



detection (Roche, cat. No. 1 684 809). The tissue samples 
were firstly digested by proteinase K for elimination of the 
DNA masking nucleoproteins. By the use of TdT (terminal 
deoxunucleotidyl transferase) the biotinylated deoxyuridin 
was incorporated into the DNA break points and then visu- 
alized using the avidin-peroxidase system. The cells were 
estimated at a magnification of 400x with an eyepiece 
microsquare micrometer (Olympus Optical). Tunel index 
(TI) was estimated as a percentage of TUNEL positive 
cells. The results of HBsAg-positive patients, those with 
alcoholic hepatopathy and patients with other hepatopathies 
were compared with the biochemical data and with the 
grade and stage. Statistical analysis was performed using a 
one way analysis of variance, by multifactorial range analy- 
sis (Duncan test) and by the Chi-square test. 



Results 

HBsAg-positive patients were characterised by a signif- 
icantly higher grade score than the other groups (average 
score 4.79 in the HBsAg-positive group, versus 2.35 in 
patients with alcoholic hepatopathy, and 2.43 in those with 
non-specific hepatopathies, p=0.02) (Figure la). BCL-2 
expression in hepatocytes as well as in adjacent lympho- 
cytes of all groups was generally low (47 negative cases, 
87%), whereas the levels of PCNA expression in hepato- 
cytes was comparatively high (33 positive cases, 60%) 
(Figure 2). The expression of ICE was absent both in 
hepatocytes and lymphocytes in virtually all cases. 

We found significantly higher numbers of BAX positive 
hepatocytes (11/14 cases, 78% versus 12/20 cases, 60%) 
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Figure 2. PCNA expression in hepatocytes from a HBsAg pos- 



and lymphocytes (8/14 cases, 57% versus 4/16 cases, 
25%) from the HBsAg-positive group (p<0.01) compared 
to patients with alcoholic hepatopathy. There were also 
significantiy higher numbers of FAS positive lymphocytes 
in the HBsAg-positive group (9/14 cases, 64%, p<0.05) 
(Figure lb-d, Figure 3). FAS-L positive hepatocytes and 
lymphocytes were relatively frequent in all patient groups 
(31/55 cases- 56%) and no significant difference in these 
numbers was observed {Figures le-f). 

We also analysed the relationship between expression of 
the various apoptosis regulating genes in all patients. In 
hepatocytes the number of BAX and PCNA positive cells 
was positively correlated (coeff. 0,31, p=0.02), as were 
the number of BAX and FAS positive cells (coeff. 0,54, 
p<0.001), and the number of PCNA and FAS-L positive 
cells (coefT. 0,49, p<0.001). However, there was an 
inverse relationship between the number of BAX and 
BCL-2 positive cells (coeff. 0,39, p<0.001). 

The TUNEL index (TI) of hepatocytes was higher in the 
HbsAg-positive group (20,7 %) compared to group with 
non-specific hepatopathies (12,8 %) and to group with 



alcoholic hepatopathy (4,4 %), however, these results 
were statistically non significant. 

The cohort of patients was also divided into two groups 
according to Ishak's grade (grade score >4; grade score 
<4) and stage (stage >3, stage <3). Liver biochemistry 
correlated well with grade and stage (increased ALT in 
14/18 cases of high grade, 77% versus 19/37cases of low 
grade, 45%; increased AST in 14/18 of high grade cases, 
77% versus 14/37 cases of low grade, 37%) {Figure 4), 
however we did not find any correlation between grade or 
stage and expression of apoptosis regulating genes (data 
not shown). 

Discussion 

Recent work suggests that, in patients with chronic 
hepatitis B (CHB), treatment by interferon can stimulate a 
specific CTL response that leads to viral clearance and res- 
olution of disease. 40 There is growing evidence to impli- 
cate FAS/FAS-L interactions as important mediators of 
apoptosis in a variety of situations including graft rejec- 
tion, tumors, autoimmune diseases and inflamma- 

don 4.7.12^0.34.46.47.49.50 The Fas {s expressed Qn acti . 

vated CTLs and induces apoptosis in FAS bearing cells. 48 
This mechanism is believed to operate in hepatitis B virus 
infection where it is responsible for the associated liver 
disease and is supported by studies on HbsAg transgenic 
mice where FAS dependent apoptosis by CTLs induces 
acute liver disease. 3543 Therefore, defects in FAS/FAS-L 
proteins might be relevant to the persistence of HBV in 
hepatocytes during CHB. In addition, FAS-ligand bearing 
hepatocytes in CHB may also induce apoptosis in CTLs 
expressing FAS. Such a mechanism may contribute to 
CTL escape of Hepatitis B virus infected hepatocytes. 

At the present time an adequate in vitro model for the 
study of the possible involvement of the FAS ligand in the 
development of chronic hepatitis B does not exist. There- 




Figure 3. a) BAX expression in hepatocytes from HBsAg positive patient and, b) negative BAX immunostaining in hepatocytes 
from a patient with alcoholic hepatopathy, c) FAS expression in lymphocytes from HBsAg positive patient and, d) negative FAS 
immunostaining in lymphocytes from a patient with alcoholic hepatopathy. 
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Figure 4. Percentage ofHBsAg patients with increased, a) ALT, b) and AST, in relation to grade. 



fore, based on our extensive experience, we believe that 
immunohistochemistry is the best choice of method by 
which we can support of our hypothesis. We have shown 
increased numbers of BAX positive hepatocytes in 
HbsAg-positive patients compared to the control groups 
suggesting that these cells may be susceptible to apoptosis. 
This is also supported by finding of higher TUNEL index 
of hepatocytes in HBsAg-positive patients. However, we 
have also shown that infiltrating lymphocytes from 
HBsAg positive cases more frequently express BAX and 
FAS. Taken together with the finding that the FAS-ligand 
is also expressed by hepatocytes, these results support the 
contention that apoptosis of CTLs induced by FAS-L bear- 
ing hepatocytes could be important in the persistence of 
infected hepatocytes. A similar mechanism of FAS bearing 
cells destruction which facilitate local tumor invasion was 
recently described in vitro by \bong et al. 52 However, we 
did not find significant differences in the numbers of FAS- 
ligand expressing hepatocytes between patient groups. We 
might suggest that induction of FAS-ligand expression on 
hepatocytes could be a reaction not only to HBV infection 
but also to various non-specific agents. 21,33 

The infrequent expression of the anti-apoptotic protein, 
BCL-2, by hepatocytes and lymphocytes in the majority of 
cases, is further support that these cells may be susceptible 
to apoptosis. On the other hand, with the exception of the 
BAX protein, we did not test other members of BCL-2 
family to validate this finding. Moreover apoptosis can be 
mediated in a BCL-2 independent fashion. 1 In addition, the 
high level of expression of PCNA in damaged liver cells 
suggests the beginning of liver regeneration. It must, how- 
ever, be mentioned that the assessment of proliferative 
activity by Ki-67 analysis is more accurate, however esti- 
mation of proliferation by analysis of PCNA expression 
can also give valid results. 8 The absence of ICE expression 
in our series might suggest that this protein is not impor- 
tant in the apoptotic pathway of hepatocytes. 

In summary, we have provided evidence to suggest that 
FAS/FAS-L interactions are important not only in the gen- 
eration of liver cell damage in CHB but also potentially in 
the induction of apoptosis in CTLs leading to persistence 



of virus-infected hepatocytes. However, we cannot 
exclude the possibility that the survival of HBV- infected 
hepatocytes in CHB is due to other mechanisms like viral 
inhibition of apoptosis triggered by CD40/Fas interac- 
tions 2 or defects of downstream factors involved in the 
apoptotic cascade, such as DNAase enzymes and/or other 
caspases. 
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Mongan, Paul D., John Capacchione, Shanda West, 
John Karaian, Dawn Dubois, Ryan Keneally, and 
Pushpa Sharma. Pyruvate improves redox status and de- 
creases indicators of hepatic apoptosis during hemorrhagic 
shock in swine. Am J Physiol Heart Circ Physiol 283: 
H1634-H1644, 2002. First published June 20, 2002; 10.1152/ 
ajpheart.01073.2001. — Previous studies have shown that the 
liver is the first organ to display signs of injury during 
hemorrhagic shock. We examined the mechanism by which 
pyruvate can prevent liver damage during hemorrhagic 
shock in swine anesthetized with halothane. Thirty minutes 
after the induction of a 240-min controlled arterial hemor- 
rhage targeted at 40 mmHg, hypertonic sodium pyruvate (0.5 
g-kg -1 ^ -1 ) was infused to achieve an arterial concentration 
of 5 mM. The volume and osmolality effects of pyruvate were 
matched with 10% saline (HTS) and 0.9% saline (NS). Al- 
though the peak hemorrhage volume increased significantly 
in both the pyruvate and HTS group, only the pyruvate 
treatment was effective in delaying cardiovascular decom- 
pensation. In addition, pyruvate effectively maintained the 
NADH/NAD redox state, as evidenced by increased micro- 
dialysate pyruvate levels and a significantly lower lactate- 
to-pyruvate ratio. Pyruvate also prevented the loss of 
intracellular antioxidants (GSH) and a reduction in the 
GSH-to-GSSG ratio. These beneficial effects on the redox 
environment decreased hepatic cellular death by apoptosis. 
Pyruvate significantly increased the ratio of BclOQ (antiapop- 
totic molecule)/Bax (proapoptotic molecule), prevented the 
release of cytochrome c from mitochondria, and decreased the 
fragmentation of caspase 3 and poly(ADP ribose) polymerase 
(DNA repair enzyme). These beneficial findings indicate that 
pyruvate infused 30 min after the onset of severe hemor- 
rhagic shock is effective in maintaining the redox environ- 
ment, preventing the loss of the key antioxidant GSH, and 
decreasing early apoptosis indicators. 

glutathione; redox state; caspases 



DESPITE ADVANCES EST THE EARLY CARE of trauma victims 

over the past two decades, multiple organ failure 
(MOF) continues to be a major factor in the morbidity 
and mortality that occurs after resuscitation from hem- 
orrhagic shock (16). While there are numerous factors 
that influence the development of MOF, there is in- 



creasing evidence that hepatic dysfunction plays a cen- 
tral role (21, 24, 42, 43). Experimental studies have 
shown that despite acute aggressive resuscitation, 
there is a consistent depression in microvascular blood 
flow that results in hypoperfusion and progressive he- 
patic dysfunction (32, 42, 43). This suggests that de- 
spite the restoration of global oxygen delivery, addi- 
tional pharmacological therapies are needed to prevent 
or reverse ongoing hepatotoxicity. However, the pre- 
cise mechanisms of hepatocellular dysfunction after 
severe hemorrhagic shock are not well defined. Some 
investigators have shown that the reduction in immu- 
nological mediators, such as tumor necrosis factor-a, 
improves outcome indicators (23, 41). Others have 
shown that there is severe hepatic energy depletion 
during hemorrhagic shock and that improvement in 
the hepatocellular energy state reduces liver dysfunc- 
tion (7, 38, 40). Overall, these studies show that out- 
come after resuscitation is dependent on many factors. 

Changes in the cellular redox environment and its 
ability to mediate oxidative stress during ischemia and 
reperfusion are major contributing factors in cellular 
injury and can induce cell death by either apoptosis or 
necrosis (11, 12, 26). While necrosis results from over- 
whelming cellular deenergization, recent studies sug- 
gest that the final common pathway for liver dysfunc- 
tion after hemorrhagic shock is apoptosis (24). The 
induction of apoptosis results from transient opening of 
the mitochondrial permeability transition pore (MPTP) 
with the release of cytochrome c, further generation of 
oxidative stress, release of intracellular Ca 2+ , and ac- 
tivation of a cascade of cysteine protease including 
caspase 3 (22, 25, 39). While numerous factors have 
been shown to mediate the increased open state prob- 
ability of the MPTP, evidence suggest that changes in 
the redox state provide an early signaling mechanism 
for apoptosis (14, 22, 25, 39). 

In this study, we sought to determine whether 
changes in the cellular redox environment were asso- 
ciated with apoptosis indicators. To test our hypothe- 
sis, we examined the ability of pyruvate to decrease the 
early indicators of hepatic apoptosis in a swine model 



Address for reprint requests and other correspondence: P. D. 
Mongan, Dept. of Anesthesia, Uniformed Services Univ. of the 
Health Sciences, 4301 Jones Bridge Road, Bethesda, MD 20814 
(E-mail: pmongan@usuhs.mil). 



The costs of publication of this article were defrayed in part by the 
payment of page charges. The article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 



H1634 



http7Avww.ajpheart.org 



PYRUVATE AND APOPTOSIS SIGNALING 



H1635 



of severe controlled hemorrhagic shock. Pyruvate en- 
hancement of the cellular redox environment can occur 
from one or more of the following mechanisms: 1) direct 
neutralization of free radicals, 2) alteration of the cy- 
toplasmic NADH/NAD redox state, and/or 3) enhance- 
ment of the intracellular glutathione antioxidant sys- 
tem. All of these could reduce opening of the MPTP and 
decrease apoptosis. 

METHODS 

After Institutional Animal Care and Use Committee ap- 
proval, 24 adolescent Yorkshire swine (Sus scrofa) were ran- 
domized to receive either an intravenous infusion of 30% 
sodium pyruvate {n = 8), 10% NaCl (n = 8, osmotic control), 
or 0.9% NaCl (n = 8, volume control) 30 min after the start of 
controlled arterial hemorrhage. All animals were cared for 
according to the United States Department of Agriculture 
Animal Welfare Act and the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. 

Animal Preparation and Monitoring 

Anesthesia and hemodynamic monitoring procedures. The 
swine were fasted overnight with free access to water. In the 
morning, they were sedated with an intramuscular injection 
of ketamine (10 mg/kg) and anesthetized with halothane by 
nose cone to facilitate tracheal intubation. During surgical 
preparation, anesthesia was maintained with halothane 
(1.0-1.5% end tidal concentration) while the animals spon- 
taneously ventilated 25% oxygen-75% nitrogen through a 
semiclosed circle system (Narkomed 2B, North American 
Drager; Telford, PA). Inspired and expired oxygen, carbon 
dioxide, and halothane concentrations were continuously 
monitored (M1026A Gas Analyzer and 68 Clinical Monitor, 
Hewlett-Packard; Andover, MD). The right external jugular 
vein was isolated, an 8.5-Fr introducer sheath was inserted, 
and a continuous thermodilution cardiac output pulmonary 
artery catheter was advanced through the sheath to measure 
pulmonary artery pressure and cardiac output (QVue, Abbott 
Critical Care; North Chicago, IL). Both femoral arteries and 
a femoral vein were isolated and cannulated with 8.5-Fr 
introducer sheaths. A micromanometer (MPC-500, Millar 
Instruments; Houston, TX) was inserted into the right fem- 
oral artery sheath and advanced to the midthoracic aorta for 
the measurement of mean arterial pressure (MAP). The sec- 
ond femoral artery sheath was used for controlled arterial 
hemorrhage, and the femoral vein was used for infusions. 
Physiological data were displayed on an eight-channel 
Hewlett-Packard model 68 clinical monitor. 

Liver microdialysis. After instrumentation for physiologi- 
cal monitoring, a right subcostal incision was made. The 
animals were placed in the right lateral position, and the 
middle lobe of the liver was exposed. Two microdialysis 
probes (CMA 20, polycarbonate fiber length 10 mm; diameter 
0.5 mm; 20,000-Da molecular cutoff) were inserted into the 
liver 2 and 3 cm caudate to the gallbladder at a distance of 3 
cm from the liver edge. These probes were perfused with 
0.9% NaCl at 2 pl/min using a precision, multisyringe pump 
(CMA 102, CMA/Microdialysis; Acton, MA). After the liver 
was repositioned in the abdominal cavity, the wound edges 
were infiltrated with bupivacaine (0.5%, 15 ml). Plastic wrap 
was used to restrict the intestines to the abdominal cavity, 
and the entire area was the area covered with plastic wrap to 
prevent desiccation. 



Experimental Protocols 

Computer-controlled arterial hemorrhage. One hour before 
the initiation of hemorrhage, and the expired halothane 
concentration was reduced to 0.8% with the animals sponta- 
neously ventilating. Controlled arterial hemorrhage was au- 
tomated to insure reproducibility. In brief, a customized 
computer protocol (Lab View 5, National Instruments; Aus- 
tin, TX) monitored the MAP and through a proportional 
control feedback algorithm controlled the speed and direction 
of a partial occlusion roller pump (MasterFlex Digital Con- 
sole Drive, Cole-Parmer Instruments; Chicago, IL) that was 
connected to a femoral arterial cannula. At the start of the 
hemorrhage period, the computer program initiated blood 
withdrawal to decrease the MAP to 40 mmHg over 10 min. 
During hemorrhage, the blood was stored in a closed reser- 
voir primed with sodium citrate (1.66 g) and porcine heparin 
(3,000 units) to inhibit clot formation. After the initial 10-min 
rapid hemorrhage, the program maintained the MAP at 40 
mmHg either by withdrawal or by reinfusion of the hemor- 
rhage blood as necessary. During the protocol, the volume of 
blood in the reservoir was gravimetrically measured (Sarto- 
rius LA4200, Sartorius; Edgewood, NY), and the data output 
was stored on computer hard disk with the time-stamped 
MAP. During isobaric-controlled arterial hemorrhage, the 
transition from compensated to decompensated hemorrhagic 
shock was recorded as the time when continued infusion of 
the hemorrhage volume (HV) was necessary to maintain the 
target MAP of 40 mmHg. The peak HV (PHV), which repre- 
sents the maximum blood volume weighed in storage reser- 
voir, is measured immediately before the time of decompen- 
sation. With the exception of the protocol infusions of 
pyruvate, 10% NaCl, or 0.9% NaCl, only the blood withdrawn 
to induce hypotension was administered to maintain the 
MAP at 40 mmHg. During the decompensatory phase of 
hemorrhagic shock, if all the HV was reinfused, no further 
therapy was used to support the MAP. Death was defined as 
a MAP <10 mmHg with cessation of spontaneous respiratory 
effort. 

Pyruvate, 0.9% NaCl, and 10% NaCl infusion protocols. To 
determine the efficacy of pyruvate administered after the 
onset of hemorrhagic shock, the animals were block random- 
ized to one of three treatment groups. Group 1 was adminis- 
tered a 100 mg/kg bolus of 30% sodium pyruvate (pH 7.4) via 
the femoral vein, followed by 0.5 g-kg" 1 ^" 1 for the duration 
of the protocol. In groups 2 and 3, a matched volume of 10% 
or 0.9% NaCl was bolused and infused to control for the 
osmolarity and volume effects of the hypertonic sodium pyru- 
vate. 

Analytic sampling procedures. Microdialysis samples were 
continuously collected over 30-min periods (60-jxl aliquots) by 
an automated microfraction collector (CMA142, CMA/Micro- 
dialysis), and all analytic tests were performed within 1 h 
(lactate and pyruvate). One hour after insertion of the micro- 
dialysis probes, arterial blood was sampled every 30 min for 
measurement of pH, base excess, blood gases, and hemoglo- 
bin (IL 1610 and IL 682 CoOximeter, Instrumentation Lab- 
oratories; Lexington, KY). Heparinized blood samples for 
laboratory analysis were obtained every 30 min and imme- 
diately centrifuged. 

Liver tissue sampling. At 0, 60, 120, and 240 min after the 
start of shock (H 0 , H 6 o, H120, and H240, respectively), tissue 
samples were obtained from the liver for analysis. Liver 
tissue was taken from the edge of the left lobe and rapidly 
immersed in liquid isopentane at -90°C. Bleeding was con- 
trolled by application of thrombin, collagen matrix, and di- 
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rect pressure. After being frozen, the tissue was transferred 
to chilled cryovials and stored at -80°C for future analysis. 

Analytic Methods 

Microanalysis calibration procedures. In vitro relative re- 
covery for each microdialysis probe was determined in trip- 
licate before and after each experiment. The probes were 
immersed in a calibration standard solution at 38.5°C and 
perfused with 0.9% NaCl. The calibration standards were 
lactate (10 mM) and pyruvate (2 mM) in double-distilled 
deionized water. The concentrations of the nondialyzed stan- 
dards were compared with the concentrations of the in vitro 
microdialysis samples to determine the relative recovery for 
each component. The relative recovery for each compound 
was used to estimate the in vivo extracellular concentration 
of the components in the immediate vicinity of the probes. 

Lactate and pyruvate analysis. Lactate and pyruvate levels 
were measured in the plasma and microdialysate samples. 
These analyses were performed with a CMA 600 Analyzer 
(CMA/Microdialysis). This instrument performs an auto- 
mated enzymatic conversion of lactate or pyruvate to H 2 0 2 . 
Peroxidase catalyses a reaction between H 2 0 2 and other 
substrates to form the red-violet-colored quinonediimine. The 
rate of formation of the quinonediimine is measured at 546 
nm and is proportional to the lactate and pyruvate concen- 
trations. 

Glutathione analysis. Frozen liver tissue samples were 
pulverized with porcelain mortars under liquid nitrogen, and 
GSH and GSSG were determined spectrophotometrically as 
previously described (36). In brief, 50 mg of frozen, pulver- 
ized tissue were homogenized with perchloric acid (IN 
HC10 4 ) + 2 mM EDTA in Eppendorf tubes chilled in a Polar 
Block II cooling device (-20°C, Boekel Scientific; Feaster- 
ville, PA) using a Tissue Tearor (Biospec Products; Racine, 
WI). After centrifugation (5,000 g, 5 min at 0°C), the super- 
natant was neutralized with 2.0 M KOH and 0.3 M MOPS 
and centrifuged to remove the KC10 4 precipitate, and an 
aliquot assayed for GSH by the glyoxalase I reaction. S- 
lactoyl GSH formation was determined at 240 nm. For the 
determination of GSSG, pulverized liver was homogenized 
with 1 N HCIO4 with 2 mM EDTA and 50 mM AT-ethyl 
maleimide (NEM). The NEM was added to trap the GSH and 
prevent its conversion to GSSG. After neutralization of the 
supernatant and removal of KCIO4, NEM was removed by 
anion exchange chromatography (QAE Sephadex). The 
GSSG eluent was concentrated with an evaporator, and its 
amount was determined spectrophotometrically at 340 nm. 

NADPH and NADP analysis. NADP and NADPH were 
determined by reverse-phase HPLC analysis as previously 
described (4). In brief, to insure optimal recovery, NADP 
content was determined after acid extraction and NADPH 
was determined after alkaline extraction from frozen pulver- 
ized liver tissue. Extracts were equilibrated to a pH between 
6 and 7, and 25 ul were automatically injected into a heated 
(35°C) Waters Symmetry Shield RP-18 column (4.6 x 150) by 
a refrigerated (4°C) autosampler (Waters 2690 Separations 
Module, Waters Associates; Milford, MA). The injectate was 
eluted with a 0.1 M KH 2 P0 4 -acetonitrile (2.5-25% vol/vol) 
buffer gradient. The chromatograms and absorbance data 
from the photodiode array (Water 996, Waters Associates) 
were recorded and analyzed using the Millenium 32 software 
(Waters Associates). Peak identification and quantification 
were accomplished by matching the spectral signal of the 
peaks, peak purity, and peak areas to the spectral signal and 
peak areas generated for the injected standards. 



Assessment of Apoptosis [Bcl-Xl, Box, 
Cytochrome c, Caspase 3, and Poly(ADP-Ribose) 
Polymerase Fragmentation] 

Tissue preparation. Cell death by apoptosis was examined 
by Western immunoblotting in cell lysates or cytosolic prep- 
arations from liver tissue. In brief, pulverized frozen samples 
of liver tissue were lysed in 1:10 (wt/vol) ice-cold lysis buffer 
consisting of 25 mg/ml PBS, 230 mg/ml PMSF, 1 |xg/ml 
leupeptin, and 1 fig/ml aprotinin in 1% Triton X-100. After 
brief sonication, samples were centrifuged at 1,000 g. The 
pellet S10 or cell lysate was used for the immunostaining 
with caspase 3 and poly(ADP-ribose) polymerase (PARP) 
antibodies. Liver cytosol was prepared by spinning the cell 
lysate at 100,000 g in a Beckman ultracentrifuge (TL-100). 
The supernatant S100 or cytosol was removed and used for 
immunostaining with Bcl-Xl, Bax, and cytochrome c antibod- 
ies. 

Detection of Bcl-Xl, Bax, and cytochrome c. Cytosolic pro- 
tein (25 \ig) was lysed in sample buffer [62.5 mmol Tris-HCl 
(pH 6.8), 2% SDS, 10% glycerol, 5% 0-mercaptoethanol, and 
0.005% bromophenol blue] and subjected to SDS-polyacryl- 
amide gel electrophoresis using minigel equipment (Bio- 
Rad). Ten percent polyacrylamide gels were used for analysis 
of Bcl-Xl and Bax expression, and 14% gels were used for 
cytochrome c. After electrophoresis, proteins were trans- 
ferred to nitrocellulose membranes using miniblot equip- 
ment. Nonspecific proteins were blocked in 5% nonfat dried 
milk in Tris-buffered saline (TBS) containing 0.05% Tween 
20 (TBS-T). Primary antibodies were diluted in blocking 
buffer and incubated with the blots for 1 h. Bcl-Xl, Bax, and 
cytochrome c (mouse monoclonal antibody at 1:500) were 
used. Blots were washed thoroughly with TBS-T and incu- 
bated in secondary antibody (peroxidase-conjugated goat 
anti-mouse, diluted 1:2,000 in blocking buffer) for 1 h. After 
a final wash in TBS-T, horseradish peroxidase was detected 
using ECL reagent (Amersham). 

Caspase 3 and PARP fragmentation. Cell lysates from the 
liver were denatured in Laemmli sample buffer with 6 M 
urea for PARP and no urea for caspase 3. HL 60 cell extracts 
treated with etoposide to undergo apoptosis (BioMol; Ply- 
mouth Meeting, PA) were used as positive controls for the 
presence of the 85-kDa fragment of PARP. Proteins were 
resolved on 10% SDS gel and transferred to nitrocellulose 
membranes. For detection of caspase 3, the membrane was 
incubated with primary mouse monoclonal antibody from 
Oncogene (Gaithersburg, MD). Intact and fragmented PARP 
was detected by probing the membrane with primary mouse 
monoclonal antibody (1:2,000, BioMol), which detects both 
intact PARP (116 kDa) and the apoptosis-associated frag- 
ment (85 kDa). The membranes were then incubated with 
secondary antibody directed toward goat anti-mouse IgG 
(1:2,000). Negative controls were performed by omitting pri- 
mary antibody as well as probing with actin. Chemilumines- 
cence was detected by autoradiography, and the integrated 
optical density (OD) of the protein bands was measured using 
the Scion Image program. 

Data Presentation and Statistics 

All data are presented as means ± SE. To avoid spurious 
results due to multiple testing, differences within groups 
over the course of the experiment were determined by repeat- 
ed-measures ANOVA. Differences between groups for nonre- 
curring measurements were assessed using ANOVA. Differ- 
ences between groups over the course of the experiment were 
determined using a two-way ANOVA for one factor (depen- 
dent variable) over time. Within- and between-group testing 
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was accompanied by a Tuke/s honestly significant difference 
multiple-range test to correct for the multiple comparisons. 
Proportions were evaluated using McNemar's test of propor- 
tions. Values were considered statistically different when 
P < 0.05 after correction for multiple comparisons. Error 
bars in the figures represent SE. 

RESULTS 

The animal weights were similar in the pyruvate and 
10% and 0.9% NaCl groups (31.8 ± 0.9, 32.4 ± 1.1, and 
31.1 ± 1.3 kg, respectively). Thirty minutes after the 
start of controlled arterial hemorrhage, the bolus and 
infusion of pyruvate raised the arterial pyruvate con- 
centration from 0.09 ± 0.01 mM at H 30 to 4.43 ± 0.63 
mM at H 60 . In the 10% and 0.9% NaCl groups, the 
pyruvate levels at H 30 were 0.11 ± 0.02 and 0.13 ± 0.2 
mM and increased to only 0.39 ± 0.03 and 0.45 ± 0.06 
mM, respectively, during hemorrhage. 

Hemodynamic and Hemorrhage-Related Parameters 

MAP was similar in all groups before the start of the 
controlled arterial hemorrhage (99.6 ± 2.7, 100.5 ± 
3.4, and 101.7 ± 1.0 mmHg) in the pyruvate, 10%, and 
0.9% NaCl groups. Because of the automation of the 
hemorrhage protocol, there were no differences be- 
tween the groups in the time to reach the target MAP 
of 40 mmHg or the variability in the MAP. However, 



there was a significant difference in the PHV in the 
pyruvate and 10% NaCl treatment groups (45.8 ±1.2 
and 42.3 ± 0.6 ml/kg) compared with the 0.9% NaCl 
group (34.8 ± 0.9 ml/kg, P < 0.05). Although there was 
a significant increase in the PHV in both the pyruvate 
and 10% NaCl groups, only the pyruvate treatment 
was effective in delaying cardiovascular decompensa- 
tion as evidenced by the increased time to PHV (94 ± 5 
vs. 73 ± 6 and 70 ± 4 min, P < 0.05). In addition to the 
delay in the decompensatory phase of hemorrhagic 
shock in the pyruvate group, there were significant 
differences in the cardiovascular profiles during the 
last 2 h of the hemorrhage that affected the rate of 
hemorrhage volume reinfusion. As detailed in Table 1, 
at Hiso, both the 10% and 0.9% NaCl groups had a 
decrease in heart rate (HR) and were unable to in- 
crease the cardiac index despite the reinfusion of a 
larger amount of the HV. This decrement in cardiovas- 
cular function resulted in complete reinfusion of the 
HV in four animals in the both the 10% and 0.9% NaCl 
groups, progressive decreases in the MAP, and death. 
This profile indicates significantly compromised car- 
diovascular function. In contrast, despite the smaller 
amount of HV return, the pyruvate-treated animals 
had no decreases in HR, had greater augmentation of 
the cardiac index, and suffered only one animal death 
throughout the protocol. Thus the pyruvate treatment 



Table 1. Hemorrhage volume and physiological measurements 



Time 





Ho 




H30 




H90 


H120 


H150 


Hiso 


H210 


H240 


n 

Pyruvate 


8 




8 




8 


8 


8 


8 


8 


8 


7 




10% NaCl 


8 




8 




8 


8 


8 


7 


6 


4 


4 




0.9% NaCl 


8 




8 




8 


8 


8 


7 


6 


6 


4 




HV, ml/kg 


























Pyruvate 


0 




26.6 ±1.7 


41.2 


±1.8 


43.6 ±1.6 


42.3 ±1.8 


34.6 ±1.7 


' 29.1±2.1 


22.6 ±1.9 


18.5 ± 


2.9 


10% NaCl 


0 




25.9 ±1.1 


39.5 


±1.4 


38.5 ±1.8 


35.3 ±1.7* 


25.1 ±1.8* 


17.2 ±2.4* 


9.4 ±2.3* 


7.9 ± 


4.2 


0.9% NaCl 


0 




26.3 ±1.2 


33.5 


±1.3* 


31.8 ±0.9* 


27.1 ±1.2* 


20.6 ±2.0* 


16.1 ±2.8* 


10.2 ±2.6* 


8.2 ± 


3.1 


HR, beats/min 


























Pyruvate 


125 ± 


9 


212 ±10 


253 


±9 


252 ±7 


248 ±8 


251 ±8 


246 ±6 


245 ±9 


242 ± 


8 


10% NaCl 


133 ± 


11 


204 ±8 


247 


±12 


249 ±8 


246 ±7 


234 ±12 


217 ±10* 


205 ±7* 


197 ± 


11* 


0.9% NaCl 


135 ± 


8 


208 ±11 


250 


±7 


251 ±6 


245 ±9 


229 ±10 


212 ±11* 


209 ±11* 


190 ± 


12* 


MAP, mmHg 


























Pyruvate 


99.6 ± 


2.7 


40.4 ±0.1 


40.2 


±0.1 


40.0 ±0.1 


39.9 ±0.3 


39.7 ±0.3 


39.4 ±0.3 


39.4 ±9 


39. 1± 


1.2 


10% NaCl 


100.5 ± 


3.4 


40.3 ±0.2 


39.9 


±0.1 


39.4 ±0.8 


39.2 ±0.2 


39.4 ±0.3 


38.2 ±0.7 


38.5 ±1.7 


27. 1± 


4.9* 


0.9% NaCl 


101.7 ± 


1.0 


40.3 ±0.2 


40.1 


±0.1 


39.9 ±0.1 


38.7 ±0.5 


39.8 ±0.2 


38.8 ±0.2 


38.6 ±0.7 


32.4 ± 


2.9 


CVP, mmHg 


























Pyruvate 


1.4 ± 


1.0 


-5.7 ±0.9 


-6.2 


±1.1 


-6.7 ±1.1 


-6.5 ±1.0 


-5.6 ±0.9 


-5.3 ±0.8 


-5.2 ±0.9 


-4.9 ± 


0.9 


10% NaCl 


1.1 ± 


0.9 


-5.5 ±1.1 


-6.1 


±0.9 


-6.4 ±0.9 


-5.7 ±1.1 


-5.0 ±1.2 


-4.1 ±1.2 


-4.1 ±1.1 


-3.8 ± 


1.2 


0.9% NaCl 


1.4 ± 


0.7 


-5.9 ±0.7 


-6.1 


±1.0 


-6.2 ±0.9 


-5.8 ±1.2 


-5.1 ±1.1 


-4.7 ±1.0 


-3.8 ±0.9 


-3.5± 


0.9 


CI, ml-kg-^min- 1 


























Pyruvate 


178.2 ± 


12.8 


66.3 ±4.2 


48.4 


±4.2 


41.5 ±3.6 


45.0 ±2.7 


54.6 ±3.3 


61.2 ±3.6 


69.5 ±5.1 


70.8 ± 


4.7 


10% NaCl 


174.5 ± 


15.6 


61.6 ±4.7 


49.1 


±4.7 


37.8 ±3.4 


39.2 ±2.9 


44.9 ±4.3 


45.8 ±3.7* 


44.6 ±4.5* 


46.2 ± 


5.1* 


0.9% NaCl 


184.8 ± 


8.1 


67.3 ±3.5 


50.3 


±4.4 


35.5 ±3.3 


38.1 ±2.4 


42.4 ±4.1 


46.6 ±5.6* 


43.3 ±5.8* 


39.5 ± 


1.3* 


SV, ml/beat 


























Pyruvate 


45.2 ± 


2.8 


11.4 ±1.6 


6.2 


±0.9 


4.7 ±0.5 


5.5 ±0.5 


6.4 ±0.4 


7.8 ±0.6 


8.4 ±0.8 


9.1± 


1.0 


10% NaCl 


44.9 ± 


3.2 


11.8 ±1.7 


6.6 


±0.8 


4.6 ±0.8 


5.1 ±0.5 


6.1 ±0.7 


6.9 ±0.5 


7.6 ±0.9 


8.3 ± 


0.7 


0.9% NaCl 


47.1 ± 


3.1 


12.3 ±1.5 


6.9 


±0.6 


4.8 ±0.4 


5.6 ±0.5 


6.2 ±0.6 


7.4 ±0.7 


8.4 ±0.9 


8.6 ± 


0.9 



Data are presented as means ± SE; n = no. of swine. The initial hemodynamic measurements were made immediately before the start of 
the controlled arterial hemorrhage. Subscripted numbers refer to minutes. The pyruvate, 10% NaCl (osmotic control), or 0.9% NaCl (volume 
control) treatments were started 30 min after the start of hemorrhage (H30). HV, hemorrhage volume; HR, heart rate; MAP, mean arterial 
pressure; CVP, central venous pressure; CI, cardiac index; SV, stroke volume. *P < 0.05 compared with the pyruvate group for the 
time-matched data. 
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lactate-to-pyruvate ratio, the more relevant indicator 
of metabolic stress, decreased to one-half the initial 
value. In addition, the pyruvate administration pre- 
vented the magnitude of changes in acid-base param- 
eters that occurred in the other groups. 

Pyruvate Effects on Liver Microdialysis Lactate-to- 
Pyruvate Ratio 

Figure 1 illustrates the differences between the 
treatment groups and the microdialysate lactate-to- 
pyruvate ratio measurements. The lactate, pyruvate, 
and lactate-to-pyruvate ratio was similar in both 
groups before (Ho) and 30 min after the start of hem- 
orrhage (H30; before treatment). However, the pyru- 
vate infusion increased the microdialysate pyruvate 
levels from 0.07 to 1.62 mM during the experiment 
compared with the increases to 0.15 and 0.13 mM in 
the 10% and 0.9% NaCl animals, respectively (P < 
0.05). Compared with the NaCl control groups, this rise 
in pyruvate resulted in a significantly lower and stable 
lactate-to-pyruvate ratio until the end of the protocol 

(H240)- 

Pyruvate Effects on GSH/GSSG and NADP/NADPH 

Figure 2 depicts the results of the GSH/GSSG 
levels and ratios in the groups during hemorrhagic 
shock. Basal levels of GSH and GSSG were similar in 



Table 2. Osmolality, hemoglobin, lactate, and acid-base status 



Time 

Ho H30 Heo H&o H120 H1&0 Hiso H210 H240 



n 



Pyruvate 


8 


8 


8 




8 




8 




8 




8 




8 


7 




10% NaCl 


8 


8 


8 




8 




8 




7 




6 




4 


4 




0.9% NaCl 


8 


8 


8 




8 




8 




7 




6 




6 


4 




Osmolality, raeq/1 


























320 ±4 


325 ± 




Pyruvate 


271 ±3 


270 ±3 


297 ± 


5 


308 ± 


4 


311 ± 


5 


316 ± 


5 


318 ± 


4 


5 


10% NaCl 


269 ±3 


269 ±2 


299 ± 


5 


309 ± 


4 


309 ± 


4 


319 ± 


5 


320 ± 


5 


324 ±6 


327 ± 


6 


0.9% NaCl 


268 ±3 


266 ±3 


266 ± 


3* 


267 ± 


2* 


267 ± 


3* 


268 ± 


3* 


270 ± 


3* 


270 ±3* 


269 ± 


5* 


Hemoglobin, g/dl 
























0.3 








Pyruvate 


9.6 ±0.1 


8.7 ±0.2 


7.5 ± 


0.2 


6.7 ± 


0.2 


6.9 ± 


0.3 


7.0 ± 


0.3 


7.1 ± 


7.1 ±0.3 


7.1± 


0.3 


10% NaCl 


9.9 ±0.1 


8.9 ±0.2 


7.4 ± 


0.2 


6.6 ± 


0.2 


6.9 ± 


0.3 


7.0 ± 


0.3 


7.0 ± 


0.3 


7.2 ±0.4 


7.4 ± 


0.5 


0.9% NaCl 


9.7 ±0.1 


8.6 ±0.2 


8.7 ± 


0.3* 


9.0 ± 


0.4*t 


9.7 ± 


0.5*t 


9.9 ± 


0.4*t 


9.8 ± 


0.4*t 


9.8±0.3*t 


9.9 ± 


0.4*f 


Lactate, mM 
































Pyruvate 


1.2 ±0.2 


3.1 ±0.2 


12.3 ± 


1.6 


19.6 ± 


0.9 


26.4 ± 


1.1 


27.9 ± 


0.8 


28.2 ± 


1.0 


29.6 ±1.1 


30.9 ± 


1.5 


10% NaCl 


1.2 ±0.1 


3.2 ±0.2 


6.6 ± 


1.4* 


11.4± 


1.1* 


12.5 ± 


1.0* 


13.2 ± 


1.0* 


14. 1± 


0.6* 


14.7 ±0.7* 


13.2 ± 


1.1* 


0.9% NaCl 


1.1 ±0.1 


3.3 ±0.3 


7.0 ± 


1.3* 


10.8 ± 


0.8* 


11.5 ± 


0.6* 


11.9 ± 


0.5* 


13.3 ± 


0.4* 


14.2 ±0.6* 


12.0 ± 


1.0* 


Lactate/pyruvate 


























5.8 ±0.6 


6.0 ± 


0.7 


Pyruvate 


14.2 ±1.3 


25.9 ±4.2 


4.7 ± 


0.5 


4.4 ± 


0.4 


4.8 ± 


0.4 


5.1 ± 


0.6 


5.2± 


0.5 


10% NaCl 


13.6 ±1.6 


26.6 ±4.4 


34.8 ± 


3.7* 


36.9 ± 


3.8* 


37.2 ± 


3.6* 


39.7 ± 


3.1* 


37.3 ± 


2.3* 


35.4 ±2.1* 


36.2 ± 


2.5* 


0.9% NaCl 


13.5 ±1.4 


24.6 ±3.7 


31.5 ± 


2.1* 


33.2 ± 


2.4* 


34.7 ± 


3.3* 


33.1 ± 


2.7* 


33.0 ± 


2.6* 


34.2 ±1.4* 


33.2 ± 


1.5* 


Base excess, meq/1 
































Pyruvate 


4.4 ±0.6 


-1.4 ±0.4 


-1.8± 


1.0 


-2.1± 


1.6 


-1.7 ± 


1.4 


-1.5 ± 


1.9 


0.7 ± 


2.1 


4.7 ±2.6 


5.1 ± 


2.2 


10% NaCl 


4.8 ±0.8 


-1.1±0.9 


-5.9 ± 


1.5 


-11. 4± 


2.1* 


-13.7 ± 


2.0* 


-17.7± 


1.2* 


-17.0± 


1.0* 


-17.3 ±1.5* 


-16.4± 


2.7* 


0.9% NaCl 
pH 
Pyruvate 


4.4 ±0.6 


-0.9±0.5 


-5.4 ± 


1.1 


-10.1± 


1.3* 


-11.9 ± 


1.0* 


-13.6± 


1.2* 


-14.5± 


1.2* 


-14.4 ±1.5* 


-14.9± 


2.1* 


7.41 ±0.01 


7.38 ±0.02 


7.37 ± 


0.04 


7.38 ± 


0.06 


7.39 ± 


0.04 


7.38 ± 


0.05 


7.39 ± 


0.06 


7.41 ±0.03 


7.42 ± 


0.05 


10% NaCl 


7.43 ±0.01 


7.40 ±0.02 


7.35 ± 


0.03 


7.25 ± 


0.04 


7.18 ± 


0.05* 


7.14 ± 


0.04* 


7.10± 


0.05* 


7. 14 ±0.07* 


7.14 ± 


0.08* 


0.9% NaCl 


7.42 ±0.01 


7.41 ±0.02 


7.36 ± 


0.02 


7.26 ± 


0.03 


7.24 ± 


0.06* 


7.20 ± 


0.04* 


7.17 ± 


0.04* 


7.16 ±0.06* 


7.17 ± 


0.05* 



Data are presented as means ± SE; n = no. of swine. The initial measurements were made immediately before the start of the controlled 
arterial hemorrhage. The pyruvate, 10% NaCl, or 0.9% NaCl treatments were started 30 min after the start of hemorrhage (H30). *P < 0.05 
compared with the pyruvate group for the time-matched data; tP < 0.05 compared with the 10% NaCl group for the time-matched data. 
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delayed the onset of the decompensatory stage of hem- 
orrhagic shock by increasing the time to PHV. In ad- 
dition, during decompensation, the pyruvate-treated 
animals had a greater tolerance to the prolonged hy- 
potension during hemorrhagic shock, as indicated by a 
more favorable cardiac function than the 10% and 0.9% 
NaCl groups. 

Osmolality and Acid Base Parameters 

Table 2 shows that there were significant increases 
and decreases in osmolality and hemoglobin, respec- 
tively, in the pyruvate and 10% NaCl groups. The 
changes were similar in those groups and significantly 
different compared with the 0.9% NaCl group. This 
indicates that the delay in cardiovascular decompen- 
sation in the pyruvate group was not related to either 
the volume or osmotic effects of the treatment. After 
the first 30 min of hemorrhage, all groups had 1) 
similar increases in lactate and the lactate-to-pyruvate 
ratio and 2) decreases in base excess (Table 2). How- 
ever, after the initiation of the pyruvate or NaCl treat- 
ments, there were significant differences between the 
groups for the remainder of the protocol. After H 30 in 
the NaCl groups, there were continued significant in- 
creases in lactate and the lactate-to-pyruvate ratio and 
decreases in base excess and pH. In comparison, al- 
though the pyruvate treatment caused lactate to in- 
crease two times higher than the other groups, the 
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16 



r 0.8 



[GSH] 
|GSSG] 
IGSH]/[GSSG] 
p < 0.05 



80 




Fig. 1. Beneficial effects of pyruvate admin- 
istration on GSH and diminution of the GSH- 
to-GSSG ratio (GSH/GSSG) during controlled 
arterial hemorrhage. At both 120 and 240 
min after the start of shock (H120 and H240), 
the pyruvate-treated animals had signifi- 
cantly higher GSH content and GSH/GSSG 
compared with the 10% NaCl (HTS) and 0.9% 
NaCl (NS)-treated animals. 



all groups. Compared with the 10% and 0.9% NaCl 
animals, pyruvate maintained significantly higher 
levels of the intracellular antioxidant GSH at both 
H120 and H 2 4o- Subsequently, the GSH-to-GSSG ra- 
tio in the pyruvate group was only slightly reduced 
at H240, whereas there was a loss of total glutathione 
and a 50-60% reduction in GSH-to-GSSG ratio at 
both H120 and H240 in the other groups. Evaluation of 
NADP and NADPH levels showed that NADPH was 
similar at baseline in all the pyruvate and 10% and 
0.9% NaCl animals (0.31 ± 0.01, 0.32 ± 0.02, and 
0.32 ± 0.01 n,M/g dry wt). Whereas the NADPH 
levels decreased similarly at H240 in the 10% and 
0.9% NaCl animals (0.24 ± 0.02 and 0.26 ± 0.02 
jxM/g dry wt), the NADPH levels in the pyruvate 
animals were increased to 0.41 ± 0.03 |xM/g dry wt at 
H240 and the NADPH-to-NADP ratio was increased 
by 1.5-2 times during the infusion of pyruvate. 
These findings are important because regeneration 
of GSH is carried out by the enzyme glutathione 
reductase, which requires the cofactor NADPH. 
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Fig. 2. Changes in the microdialysis lactate-to-pyruvate ratio (UP) 
during the protocol. The increase in the 10% and 0.9% NaCl animals 
were due to a rapid and significant increase in lactate. 



Pyruvate Effects on Apoptosis-Related Parameters 

As shown in Table 3, the OD of Bcl-Xl in the pyru- 
vate-treated group was significantly higher than that 
in the 10% NaCl or 0.9% NaCl groups (P < 0.05, n = 8). 
On the other hand, Bax expression was slightly lower 
in the pyruvate-treated group (P > 0.05). To further 
characterize the balance between Bcl-Xl and. Bax in 
liver tissue, the Bcl-Xl-to-Bax ratio was calculated us- 
ing the mean OD in autoradiographs after immuno- 
blotting. At H240, the pyruvate-treated animals had a 
significant higher ratio of Bcl-Xl to Bax compared with 
the 10% and 0.9% NaCl animals (1.63 vs. 0.35 and 0.59, 
respectively, P < 0.05). Representative examples are 
presented in Fig. 3. This difference is significant be- 
cause the Bcl-Xl-to-Bax ratio is a significant factor in 
the induction of apoptosis by preventing mitochondrial 
depolarization and blocking the release of cytochrome 
c. Thus it represents the functional relevant check- 
point for the regulation of apoptosis. This increased 
Bcl-Xl-to-Bax ratio is consistent with the absence of 
cytochrome c detection in the pyruvate-treated animals 
compared with the consistent detection in all the 10% 
and 0.9% NaCl animals. 



Table 3. Differential expression of Bcl-Xl 
and Bax in treatment groups 



Treatment 


Bcl-Xl 


Bax 


Bcl-Xl 


Pyruvate 
0.9% NaCl 
10% NaCl 


1.53 ±0.22* 
0.77 ±0.11 
0.47 ±0.06 


0.94 ±0.17 
1.29 ±0.19 
1.36 ±0.21 


1.63* 

0.59 

0.35 



Numbers indicate means ± SE of optical density (OD) from each 
treatment group, which consisted of 8 animals. Expression of Bcl-Xl 
and Bax was measured in liver tissue obtained at 240 min after the 
start of controlled arterial hemorrhagic shock in animals treated 
with pyruvate, 0.9% NaCl, or 10% NaCl. Cellular cytosolic prepara- 
tions from liver tissue were subjected to SDS-PAGE, and Western 
blot was performed using the monoclonal anti-Bcl-Xl or antd-BAX 
and a peroxidase-conjugated secondary antibody. In negative con- 
trols, primary antibodies were omitted. Ponceau staining in mem- 
branes indicated an equal amount of protein loaded per lane (data 
not shown). *P < 0.05 compared with the other groups. 
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Fig. 3. Representative Western blots of the effects of pyruvate ad- 
ministration on critical indicators of hepatic apoptosis. Liver sam- 
ples were obtained 240 min after the start of hemorrhagic shock or 
after complete infusion of the shed blood volume if/when complete 
cardiac collapse was imminent. The immunoblots demonstrate the 
increase in Bcl-Xl with similar Bax bands. Cytochrome c was not 
detectable in the pyruvate sample. Finally, there was increased 
activation of caspase 3 and poly(ADP-ribose) polymerase (PARP) 
fragmentation in the 10% and 0.9% NaCl animals. 

Further evidence for the beneficial effect of pyruvate 
in decreasing apoptosis indicators during the pro- 
longed period of hemorrhagic shock is presented in 
Table 4 and Fig. 3. As shown in the representative 
immunoblot in Fig. 3, cytochrome c was detected in the 
cytosolic fractions of the 10% and 0.9% NaCl groups 
and not in the pyruvate-treated animals. The activa- 
tion of caspase 3 in cell extracts from liver samples in 
10% and 0.9% NaCl groups is indicated by the in- 
creased detection of caspase 3 subunits. The 32-kDa 
proenzyme of caspase 3 is cleaved at specific aspartate 
residues to generate two smaller active subunits (21 
and 10 kDa), which oligomerize to form an active pro- 
tease complex. At H 2 40, the OD of 32-kDa protein was 
0.81 ± 0.03, 0.64 ± 0.1, and 0.43 ± 0.02 in the pyru- 
vate, 10% NaCl, and 0.9% NaCl animals. The OD of the 
active subunit of 21 kDa was 0.02 ± 0.01, 0.54 ± 0.1, 
and 0.41 ± 0.11 in the pyruvate, 10% NaCl, and 0.9% 
NaCl animals. This data represents only 3% activation 
of caspase 3 in the pyruvate group compared with 40% 
and 56% of the total caspase 3 in the 10% and 0.9% 
NaCl groups. These findings are not surprising be- 
cause the release of cytochrome c is involved in the 
execution phase of apoptotic cell death via cytoplasmic 
proteolytic cascades that lead to caspase 3 activation. 
Another important process involved in apoptosis is the 
cleavage of PARP. At H 2 40, liver tissue from 10% and 
0.9% NaCl animals exhibited significantly lower 
amounts of intact PARP (116 kDa, 2.63 ± 0.16 and 
2.94 ± 0.33, n = 8) compared with the pyruvate- 
treated group (3.27 ± 0.27, n = 8, P < 0.05). The OD of 
fragmented PARP (85 kDa) was 1.5%, 26%, and 28% of 



the total PARP in the pyruvate, 10% NaCl, and 0.9% 
NaCl groups, respectively. 

DISCUSSION 

The present study indicates that infusion of pyru- 
vate (5 mM) 30 min after the onset of severe controlled 
hemorrhagic shock suggests that pyruvate attenuated 
the initiation and execution phase of apoptotic cell 
death. This is indicated by the decreased release of 
cytochrome c from the mitochondria and reduced frag- 
mentation of caspase 3 and PARP in the pyruvate liver 
samples obtained after the 4-h period of hypotension. 
This beneficial effect of pyruvate could be secondary to 

1) the alteration in the cytosolic redox state, as indi- 
cated by the microdialysate lactate-to-pyruvate ratio; 

2) the maintenance of a stable hepatic redox environ- 
ment, as indicated by the GSH-to-GSSG ratio; 3) main- 
tenance of total glutathione content by the prevention 
of GSH efflux; and/or 4) by limiting the hypotension 
induced changes in acid-base parameters. 

We have previously shown that pyruvate treatment 
during controlled arterial hemorrhage prevents cardio- 
vascular decompensation, delays the onset of the de- 
compensatory phase of hemorrhagic shock, and signif- 
icantly prolongs survival (29, 30). In this study, 
although there was no difference in the PHV between 
the pyruvate and 10% NaCl treatments, we again ob- 
served a delay in the onset of the decompensatory 
phase of shock as indicated by the longer time before 
the start of the HV to maintain the MAP in the pyru- 



Table 4. Caspase 3 and PARP immunoblot 
signal intensity 



Protein 


Pyruvate 


0.9% NaCl 


10% NaCl 


Intact caspase 3 












(32 kDa) 


0.81 ± 


0.03* 


0.43 ±0.02 


0.64 


±0.16 


Activated caspase 3 












(21 kDa) 


0.02 ± 


0.01* 


0.54 ±0.10 


0.41 


±0.11 


Total caspase 3 












(32 + 21 kDa) 


0.83 ± 


0.17 


0.97 ±0.21 


1.05 


±0.62 


%Activated caspase 3 












[(21/32 kDa)100] 


3%* 


56% 


40% 


Intact PARP 












(116 kDa) 


3.27 ± 


0.27 


2.94 ±0.33 


2.63 


±0.16 


Fragmented PARP 












(85 kDa) 


0.05 ± 


0.03* 


1.15 ±0.08 


0.93 


±0.05 


Total PARP 












(116 + 85 kDa) 


3.32 ± 


0.63 


4.09 ±0.92 


3.56 


±0.41 


%PARP 












fragmentation 












[(85 kDa/116)100] 


1.5 


%* 


28% 


26% 



Number indicate mean ± SE of OD from each treatment group, 
which consisted of 8 animals. Activation of caspase 3 and fragmen- 
tation of poly(ADP-ribose) polymerase (PARP) was measured in liver 
tissue obtained at 240 min after the start of controlled arterial 
hemorrhagic shock in animals treated with pyruvate, 0.9% NaCl, or 
10% NaCl. Whole cell lysates from liver tissue were subjected to 
SDS-PAGE, and Western blot was performed using the monoclonal 
anti-caspase 3 or anti-PARP and a peroxidase-conjugated secondary 
antibody. In negative controls, primary antibodies were omitted. 
Ponceau staining in membranes indicated an equal amount of pro- 
tein loaded per lane (data not shown). *P < 0.05 compared with the 
other groups. 
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vate group. While there are several metabolic and 
cardiovascular mechanisms that may be responsible 
for this observation, this salutary effect cannot be 
attributed to differences in volume status because of 
the similar changes in osmolality and hemoglobin in 
these two groups during the protocol. 

In addition to the delay in the decompensatory phase 
of hemorrhagic shock, pyruvate administration during 
controlled arterial hemorrhagic shock improved key 
measures of cellular redox environment, antioxidant 
reserve, and indicators of cellular apoptosis. Cells die 
via two pathways: necrosis or apoptosis (programmed 
cell death). Necrosis is a form of cell death that is 
caused by physical, chemical, or osmotic damage with 
consecutive disruption of internal and external mem- 
branes, leading to cell swelling and lysis with release of 
cytoplasmic material. In contrast, apoptosis is an in- 
nate cellular program of cell death. Apoptosis is regu- 
lated by energy-dependent mechanisms that involve a 
cascade of biochemical events resulting in cell shrink- 
age, chromatin condensation, DNA fragmentation, and 
ultimately cell death. While there are significant dif- 
ferences in these two types of cell death, during ische- 
mia they are a continuum of damage that occurs sec- 
ondary to the duration of the increase in the open state 
of the MPTP (1, 14, 17, 22). While the open state 
probability of the MPTP increases with higher concen- 
trations of Ca 2+ in the mitochondria, the sensitivity 
can be increased by changes in the redox state, oxida- 
tive stress, and adenine nucleotide depletion (15). Dur- 
ing apoptosis, opening of the MPTP is insufficient to 
result in complete mitochondrial failure. However, it is 
sufficient to cause mitochondrial swelling and cyto- 
chrome c release. The release of cytochrome c subse- 
quently activates the apoptotic cascade and eventually 
causes cell death. 

Whereas pyruvate has been documented to have 
beneficial myocardial functional effects secondary to 
metabolic alterations, Kerr et al. (19) has shown that 
the ability of pyruvate to decrease the open state prob- 
ability of the MPTP during ischemia-reperfusion is 
unrelated to its metabolic enhancing effects. During 
ischemia, two redox-sensitive mechanisms have been 
implicated in the increased open state probability of 
the MPTP. The first is sensitive to decreases in GSH 
and the second is sensitive to an increase in the NADH- 
to-NAD ratio. 

Glutathione is the major thiol-disulfide redox buffer 
of the cell. The redox pair GSH/GSSG provides a large 
pool of reducing equivalents and is thus not only an 
indicator of the redox state of the cell but the redox 
environment/buffering capacity of the cell as well. If 
there is insufficient NADPH to regenerate GSH, there 
is an overall shift in the redox state to a more positive 
potential. If this shift is not corrected by the regener- 
ation of GSH, GSSG is exported to compensate for the 
deleterious shift in the redox state (34). Thus efflux of 
glutathione from the cell with subsequent loss of total 
content is an indicator of oxidative stress. 

In previous evaluations, pyruvate has been observed 
to decrease apoptosis during oxidant stress (5, 19). One 
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of the potential mechanisms for the decrease in apop- 
tosis markers in this study is the ability of pyruvate 
to favorably alter these indicators of the cytosolic re- 
dox environment. Pyruvate administration has been 
shown to improve the NADH-to-NAD ratio and GSH- 
to-GSSG ratio, the key endogenous defense mechanism 
against oxidative stress (18, 36). Whereas the changes 
in the NADH-to-NAD ratio are affected through the 
conversion of pyruvate to lactate, the effect on GSH-to- 
GSSG ratio occurs when citric acid intermediates are 
increased through mitochondrial carboxylation of 
pyruvate. The elevated citrate concentration inhibits 
phosphofructokinase and diverts glycolytic flux into 
the hexose monophosphate shunt, the principal source 
of cytosolic NADPH (36). GSH is regenerated from 
oxidized glutathione disulfide, GSSG is generated by 
glutathione reductase, and NADPH is the source of the 
reducing equivalents for this reaction. In this current 
study, pyruvate administration increased the NADPH- 
to-NADP ratio, maintained the GSH-to-GSSG ratio, 
and prevented decreases in the GSH pool. While these 
findings have been observed in endothelial cell culture 
and isolated heart preparations, this is the first study 
to link these changes in the cytosolic redox environ- 
ment and a decrease in apoptosis markers. From the 
data presented, it is apparent that the administration 
of pyruvate during hemorrhagic shock had several ben- 
eficial effects on cellular function and reduced multiple 
measures of apoptosis. One beneficial effect of pyruvate 
in preventing the apoptosis is the favorable main- 
tenance of the hepatic GSH-to-GSSG ratio and pre- 
vention of a decrease in total glutathione content 
throughout the study. Other studies performed during 
hemorrhagic shock and hypoxia have shown that the 
hepatic GSH-to-GSSG ratio is reduced and there is an 
efflux of glutathione content from the liver (20). This 
was prevented by the administration of pyruvate in the 
current study. In addition, other studies have shown a 
temporal link between decreases in GSH and the GSH- 
to-GSSG ratio and activation of caspase 3 and PARP 
fragmentation (44). Isolated rat hepatocytes with mod- 
erate depletion of GSH results in apoptosis, and cardi- 
omyocyte apoptosis has been shown to be regulated by 
redox-sensitive transcription factors (27, 31). These 
studies in concert with our data support the concept 
that deleterious alterations in the cytosolic thiol redox 
state results in activation of factors leading to apop- 
tosis. 

In addition to improving the thiol redox state of the 
hepatic tissue, pyruvate administration also improved 
the microdialysis lactate-to-pyruvate ratio, an indica- 
tor of the NADH/NAD cytosolic redox state. The 
marked increase in the lactate-to-pyruvate ratio in 
the 0.9% and 10% NaCl swine is an indicator of an 
increase in NADH and the cytosolic NADH-to-NAD 
ratio. When considering the redox pairs NADPH/ 
NADP and NADH/NAD, pyruvate causes distinctly 
opposite but beneficial effects. NADPH is a reductive 
cofactor that serves as an electron donor in the regen- 
eration of GSH. However, in the cytosol, pyruvate 
administration decreases the NADH-to-NAD ratio via 
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the conversion of pyruvate to lactate. In this instance, 
NAD serves as a sink for electrons and functions to 
reduce oxidative stress (34). Both of these changes help 
to maintain a favorable reduction of the cytosol, thus 
decreasing oxidative signaling for an increased open 
state probability of the MPTP. As opposed to the in- 
crease in lactate and NADH during hemorrhagic 
shock, the decrease in the lactate-to-pyruvate ratio by 
pyruvate indicates a favorable change in the NADH- 
to-NAD ratio with a reduction in the redox potential. 
Compared with the beneficial effects of pyruvate, in- 
creases in the NADH-to-NAD ratio in hepatocytes 
through the use of NADH-generating substrates (eth- 
anol and lactate) increases cytotoxicity despite main- 
tenance of cellular ATP content (31). Both of these 
effects are important because increases in the NADH- 
to-NAD ratio and depletion of GSH have been impli- 
cated in decreases of the Bcl-Xl-to-Bax ratio, release of 
cytochrome c, and signaling of the execution phase of 
apoptosis (11, 26). 

Another major difference between the groups during 
the experiment was the attenuation of the changes in 
acid-base measurements in the pyruvate group. There 
are two potential causes for this effect. First, pyruvate 
metabolism is associated with a natural consumption 
of hydrogen ions. Second, the administration of sodium 
pyruvate causes marked decrease in serum chloride 
(21). Sodium pyruvate administration increase sodium 
from ^140 to 165 meg/dl and causes a decrease in CI 
from ~100 to 90 meq/dl. In contrast, the hypertonic 
NaCl solution increased both the serum Na from ~140 
to 170 meg/dl and the CI from ~100 to 125 meq/dl. 
While the impact of the hyperchloremia due to the 10% 
hypertonic saline on acid-base parameters appears to 
be negligible compared with the normal saline control 
(Table 2), the impact of the hypochloremia on the 
alkalinization effect in the pyruvate group is unknown. 
However, the impact of these changes on apoptosis in 
vivo is unclear. In vitro studies of the relationship 
between acidosis and apoptosis provide conflicting re- 
sults (9, 10, 37). Furthermore, the effects of other 
methods of systemic alkalinization were not evaluated 
because the use of bicarbonate or Carbicarb has not 
been shown to be beneficial in improving outcome dur- 
ing hemorrhagic shock (2, 3). Even so, the administra- 
tion of other metabolizable alkalinizing agents such as 
sodium acetate or sodium 0-hydroxybutyrate may help 
delineate the impact of the pyruvate-induced serum 
chloride changes on acid-base parameters and indica- 
tors of cellular compromise. 

While the exact mechanism for pyruvate favorably 
altering early indicators of apoptosis cannot be deter- 
mined from the current experiments, changes in the 
redox state are known to play a major role in the 
initiation phase of apoptosis. In addition to the known 
beneficial changes in the MPTP by pyruvate, the redox 
sensitive antiapoptotic protein Bcl-XL also blocks the 
release of cytochrome c. Decreasing the release of cy- 
tochrome c is important because cytochrome c irrevers- 
ibly commits the cell to death by activating caspase 3 
and the degradation phase of apoptosis. Activation of 



caspase 3 has been linked to the proteolytic cleavage of 
cellular substrates including PAEP, a strong indicator 
of apoptosis (6, 13, 35). Although some studies have 
shown that Bcl2 and Bcl-Xl are equally effective in 
preventing apoptosis, others have suggested that over- 
expression of Bcl-Xl is more important in the protection 
of apoptosis induced by ischemia-reperfusion (8, 46). In 
accordance with these observations, an increase in 
Bcl-Xl protein in the pyruvate-treated group suggests 
that apoptosis in liver cells caused by hemorrhagic 
shock can be prevented by the use of pyruvate. 

In this study, favorable changes in the Bcl-Xl-to-Bax 
ratio and the prevention of release of cytochrome c 
from mitochondria were apparent in pyruvate-treated 
animals. Our data further substantiate that pyruvate 
can prevent apoptosis by inhibiting the cleavage of 
caspase 3 because the OD of the cleaved 21-kDa pro- 
tein was significantly less in the pyruvate-treated 
group than the 0.9% and 10% NaCl animals. Subse- 
quently, PARP cleavage was reduced when compared 
with the 0.9% and 10% NaCl groups of animals. 

In recent years, evidence has accumulated that in- 
creased production of free radicals and apoptosis is a 
main factor in liver dysfunction after hemorrhagic 
shock (33). Hepatic apoptosis has been demonstrated 
in animals subjected to ischemia-reperfusion damage 
and has been shown to impair hepatocyte function (33). 
The significance of apoptosis-mediated cell death in the 
generation of MOF during hemorrhagic shock has been 
closely examined in a murine model of hemorrhage and 
resuscitation. In comparing mice genetically deficient 
in PARP with wild-type mice, the results indicate that 
PARP activation was associated with hepatic dysfunc- 
tion and decreases survival. However, this damaging 
sequence of events was not seen in PARP-deficient 
mice with hemorrhagic shock (24). In addition, other 
studies of rats undergoing hemorrhagic shock and re- 
suscitation have shown that the prevention of PARP 
activation decreases hepatic damage and dysfunction 
(28, 45). In our study, PARP fragmentation was signif- 
icantly prevented by pyruvate administration com- 
pared with the 0.9% and 10% NaCl groups of swine. 
This decrease in PARP fragmentation suggests that 
pyruvate therapy may also help to ameliorate or even 
prevent the hepatocellular dysfunction that occurs af- 
ter hemorrhagic shock and resuscitation. 

In summary, we demonstrated that pyruvate delays 
cardiovascular decompensation and decreases early in- 
dicators of hepatic apoptosis in this swine model of 
severe isobaric hemorrhagic shock. Furthermore, this 
study suggests that the protection offered by exoge- 
nous pyruvate could be related to alteration in the 
cytosolic redox state, acid-base status, or improvement 
in antioxidant reserves. 
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Summary. Apoptosis of renal tubular epithelial cells 
plays a major role in acute renal failure. Several external 
and internal signals can induce apoptosis, which is then 
effectuated via several pathways. These pathways are 
either the FAS/FAS-L pathway and downstream MAPK 
(mitogen-activated protein kinases) and JNK (c-Jun N- 
terminal kinase) signal transduction, or the RANK/RANK- 
L (receptor activator of NFkB) pathway via activation of 
the caspase cascade. Other pathways, especially for ap- 
optosis induction by toxins, include the mitochondrial per- 
meability transition pore activation and Bcl-2 superfamily 
member differential regulation. An important final, irre- 
versible branch of these pathways is the release of cyto- 
chrome c from the mitochondria, leading to nuclear frag- 
mentation. 

Therapeutic interventions of acute tubular injury fo- 
cus on the prevention of apoptosis by either modulation 
of the balance of the bcl-2 family or by selectively block- 
ing angiotensin receptors. It is not clear yet, which recep- 
tor blockade or combination of receptor blockers are most 
effective in apoptosis prevention. 

In chronic renal failure, tubular apoptosis has been 
found in biopsies from polycystic kidneys, but not in a 
quantitatively meaningful amount in other chronic human 
renal diseases. On the other hand, given the short half- 
life of apoptotic cells of few hours, even low numbers over 
time might turn out to be important modulators of chronic 
kidney disease, which are characterized by tubular cell 
loss. Potential therapeutic interventions to prevent tubular 
apoptosis in chronic renal disease include angiotensin 
system inhibition, whereby the angiotensin II AT2 receptor 
blockade seems more promising in apoptosis inhibition 
than the inhibition of other receptor subtypes. 

Key words: Angiotensin II, apoptosis, necrosis, renal 
failure. 

Introduction 

Cellular death is the main issue in ischemic acute and 
chronic renal failure. At least two pathophysiological^ 
distinctly different forms of cell death, apoptosis and ne- 
crosis exist. Where necrosis represents a chaotic break- 
down of irreversibly damaged cells, apoptosis is a highly 
choreographed process of removing isolated cells, leaving 
the surrounding tissue unaltered. Because of these highly 
structured pathways, therapeutic interventions are increas- 



ingly performed in order to prevent and treat acute as well 
as chronic renal tubular cell damage. Reviews covering 
similar topics are listed as references [1-3]. Although 
improvements in the course of progression and treatment 
of chronic renal failure have been achieved over the last 
decades, no such success was accomplished in the treat- 
ment or prevention of acute renal failure [4], Morbidity 
and mortality of acute renal failure have remained nearly 
unchanged over the last three decades. The reasons are 
manifold, but the lack of understanding of the pathophys- 
iological events during cell death on the molecular level 
might have contributed to this disappointing fact. Without 
the detailed knowledge of these processes, it is impossible 
to invent a specific treatment. 

It has only recently been appreciated that not only 
necrosis, but also apoptosis of renal tubule cells play an 
important role in this setting [5]. Although there are fun- 
damental differences between these two processes, some 
initial molecular pathways are shared between these two 
forms of cell death. A number of researchers even propose 
that these two events represent the margins of a common 
corridor of cellular fatality. As an example, mild cellular 
depletion of energy providing adenosine triphosphate 
(ATP) causes apoptosis, whereas profound ATP depletion 
leads to necrosis [6, 7]. Kerr and Wyllie first described 
apoptosis in liver cells [8]. Unlike necrosis, apoptosis is an 
active, energy consuming and highly choreographed pro- 
cess, which leads to the removal of dying cells without 
inflammation. Individual, lethally injured cells are re- 
moved from tissue, leaving the neighbouring cells unaf- 
fected. This is one of the key differences from necrosis, 
which usually affects an entire cluster or compound of 
cells and is associated with an inflammatory response. 
The main differences between these two processes are 
illustrated in Table 1. Although the term programmed cell 
death (PCD) is widely used synonymously for apoptosis, 
emerging evidence suggests that PCD should be reserved 
for the planned removal of cells in embryogenesis or 
physiological growth and organization of normally grow- 
ing tissue. Thus the term PCD is not used in this review to 
describe the designed removal of lethally injured tubule 
cells. 

Apoptosis 

On a morphological basis, apoptosis can be de- 
scribed as the slow fade of injured cells, causing no alter- 
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Table 1. Differences between apoptosis and necrosis 



Necrosis 



Apoptosis 

Programmed, choreographed active removal of unwanted 
cells (suicide) 

Morphology 

Phosphatidylserin externalisation, cytoplasmic budding and 
blebbing, nuclear and cytoplasmic condensation, 
internucleosomal DNA fragmentation 

Appearance of membrane bound ceil segments 
(apoptotic bodies) 

Time course 

< 12 hours (similar in many types of cells) 



ation to the surrounding tissue. This was in fact, the 
reason why this planned removal of cells was termed 
apoptosis. The Greek word "ptosis", as used for the 
drooping of the upper eyelid, describes the slow and har- 
monic down fall of leaves from a tree. This analogy was 
well chosen because on a morphological basis, apoptotic 
cells seem to be removed from the tissue in a silent and 
harmonica! way, leaving the surrounding tissue unaltered. 
Conversely, necrosis represents a chaotic breakdown of 
injured cells, which massively influence the neighbouring 
tissue. Local inflammation and alteration of the neigh- 
bouring cells are the consequence of cellular disintegrity 
of lysed cells. 

L Morphology of apoptotic cell death 

One of the first events in cells prone to apoptosis, is 
the externalisation of the membrane bound phosphati- 
dylserin, which can be identified by the ligation to Annex- 
in V. Following this externalisation, cytoplasmic budding 
and blebbing, as well as cytoplasmic condensation occur, 
but leave cellular organelles intact. At the same time, 
nuclear shrinkage and lateralization arise. The internu- 
cleosomal DNA fragmentation represents one of the final 
events in apoptosis, taking place just before the cellular 
remains are phagocytosed. The internucleosomal frag- 
mentation can be stained and visualized by the TUNEL 
technique (terminal deoxynucleotidyl transferase biotin- 
dUTP nick end labeling). It has been estimated that the 
duration of this evolutionary conserved process takes only 
few hours from apoptosis induction until disappearance of 
the cell [9]. 

2. Pro- and antiapopiotic stimuli 

Apoptosis of cells can be triggered by external and 
internal factors. External stimuli can be the withdrawal of 
growth factors as evidenced by the culture of tubule cells 
in serum free media, some drugs or temporary ischemia. 
Addition of insulin, insulin like growth factor (IGF), 
hepatocyte growth factor (HGF) or epidermal growth fac- 
tor (EGF) can rescue some apoptotic cells, which have 
been subjected to nutritional deprivation. Internal apop- 
totic stimuli are ligation of cell surface molecules, such 
as members of the TNF superfamily to their ligand. This 



Passive process, which affects clusters of iethally injured 
adjacent cell (murder) 

Plasma membrane disruption, cytoplasmic swelling, lysis of 
cells and inflammation 



Immediately after severe injury 



event has been found to induce apoptosis in renal cells. 
Among the most prominent members of the TNF family 
are FAS and FAS-ligand, TNF-a and TNF-receptor [10, 
11]. They signal via the caspase system, which consists 
of at least 14 members in mammalian cells and repre- 
sents one of the final apoptotic pathways. Caspases are 
proteases; so far more than 40 different protein substrates 
have been identified. Among these substrates is a nu- 
clease, which causes an internucleosomal cleavage and 
fragmentation of DNA, one of the hallmarks of apopto- 
sis. However, this DNA fragmentation is not specific for 
apoptosis, as similar events have been described to occur 
in necrosis. 

There are many other external stimuli that have been 
shown to induce apoptosis in renal cells. Examples are 
toxins such as: actinomycin B, cisplatin, doxorubicin, shi- 
gatoxin; immunosuppressive drugs such as: immunophyl- 
lins, thiazide diuretics or even high doses of flouroqui- 
nolone antibiotics [12-18]. Reactive oxygen radicals, mer- 
cury and cadmium are capable of apoptosis induction but 
the list is far away from being complete [19-21]. Wang 
and co-workers demonstrated that transfection and over- 
expression of FAS-L in renal tubule cells, did not lead to 
an increased susceptibility to apoptosis after lipopolysac- 
caride stiumulation. The transfected tubule cells however, 
induced apoptosis of activated leukocytes [22]. 

Internal apoptotic stimuli - intracellular signal trans- 
duction: Similar to the complement cascade, where a clas- 
sical and alternative pathway has been described, apopto- 
sis can occur by using one of several pathways. As men- 
tioned above, the caspase cascade can be activated, lead- 
ing to cleavage of substrates until the final effector caspas- 
es 3, 6 and 7 are activated leading ultimately to apoptosis. 
There is a mitogen-activated protein kinases pathway 
(MAPK), which transduces a signal from receptor ty- 
rosine kinases (RTKs), through the MAP kinase (MAPK) 
cascade, leading to a change in gene expression patterns 
and/or apoptosis, for example, via JNK (c-Jun N-terminal 
kinase) and bcl-2 members. Other internal apoptosis path- 
ways consist of tumor suppressor gene activation and 
inhibition in cell cycle progression. The cells either return 
to the GO phase or commit apoptosis. Besides the de- 
scribed signaling pathway, several other trails for apopto- 
sis induction have been discovered [3]. 
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3. Mitochondria and activation of caspases 

For many stimuli, the final process of apoptosis in- 
duction is mediated via the mitochondrial release of cyto- 
chrome c and caspase activation, leading to DNA frag- 
mentation. Once this has happened, there is no rescue and 
the cell is prone to die. The bcl-2 superfamily consists of 
pro- and antiapoptotic members, which are bound to the 
mitochondrial membrane. By heterodimerization, pro- and 
antiapoptotic members are balanced, thereby preventing 
the opening of the mitochondrial permeability transition 
pore and the cytochrome c release. If the proapoptotic 
members such as bax, bcl-xS or bak are produced in 
excess compared to the antiapoptotic members such as 
bcl-2 itself, bcl-xL or bik however, the permeability pore 
will open and cytochrome c will be released [23-26]. This 
has been shown, for example, for cisplatin induced tubular 
apoptosis [27]. 

A simplified cartoon of the current understanding of 
the apoptosis cascade and the several possible pathways is 
given in Fig. 1. 

Acute renal failure 

Apoptotic death of tubule epithelial cells has been 
studied in various forms of acute renal failure [28]. Sheri- 
dan et al. and Rana et al. recently reviewed the potential 
interventions to prevent and treat apoptotic tubular cell 
death in acute renal failure [29, 30]. Among the best- 
studied and clinically most relevant forms of acute renal 
failure is acute ischemic injury, which will be highlighted 
in this paper. Many investigators used rodent models to 
study the morphological and molecular events of tubular 
apoptosis after renal reperfusion injury. They all found a 
significant increase of tubular apoptosis after reperfusion 
[10, 11, 31-37]. We used a rat model of unilateral nephre- 
ctomy and contralateral cross clamping of the renal artery, 



because it more closely resembles the clinical situation of 
ischemic acute renal failure (ARF). ARF in humans pre- 
dominantly occurs in patients with pre-existing renal im- 
pairment and thus reduced nephron numbers. The time 
points we investigated were: one hour, one day, seven days 
and twenty weeks after reperfusion [37], Apoptosis of 
tubular cells peaked at one day and was still present after 
seven days, but not after twenty weeks. Proliferation of 
sub-lethally injured cells occurred as quickly as one day 
after the insult, decreased after one week, but reoccurred 
at twenty weeks, where cystic dilation and an increase of 
whole kidney weight was observed. Another, reason for 
using the model of uninephrectomy and contralateral is- 
chemia is that it closely resembles the most frequent 
clinical situation of ARF; the posttransplant ARF. 

In the clinical situation of renal transplantation, an 
initially healthy donor kidney is subjected to warm is- 
chemia during harvesting and about 30 minutes during 
anastomosis preparation. During cold ischemic preserva- 
tion, no apoptosis can occur, because at 4 °C all active cell 
processes cease. Posttransplant ARF occurs in 20 to 40% 
of cases, and represents the most prevalent risk factor for 
reduced long-term graft survival [38, 39]. Ojo and co- 
workers analysed the USRDS data of 42,000 patients after 
renal transplantation between 1992 and 1998. The relative 
risk of reduced transplant survival was calculated to be 
1.99 in allograft recipients with ARF [40]. Therefore, a 
parameter which can predict the subsequent development 
of ARF, would be helpful in the clinical setting since 
special measures could be undertaken in those patients at 
risk. These interventions would include the delayed use of 
calcineurin antagonist, for example. On a morphological 
and demographic base, such a marker does not exist. We 
were able to demonstrate however, that the number of 
apoptotic cells found in donor kidney biopsies, which 
were obtained before transplantation into the recipients, 




Fig. 1. Apoptosis cascade, "internal" and "external" induction of apoptosis. This drawing represents a very simplified version of 
the complex interactions and manifold pathways involved in apoptosis induction and execution. Only the best described regulators 
and pathways are illustrated. The internucleosomal cleavage of DNA represents the final, irreversible pathway of cellular 
apoptosis. FAS CD95 (L-ligand); RANK receptor activator of NFkB (L-ligand); MAPK mitogen-activated protein kinases 
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was significantly higher in those patients with subsequent 
ARF [41]. We furthermore observed a misbalance of the 
bcl-2 members. The antiapoptotic bcl-2 was down-regu- 
lated in those tubule cells, which were undergoing apopto- 
sis. 

Interventions to prevent tubular apoptosis 
in acute renal failure 

A reasonable approach towards prevention of apoptot- 
ic ceil death is the external supplementation of bcl-2 
peptide or suppression of the proapoptotic members of the 
bcl-2 family. To test this hypothesis, we designed artificial 
peptides of the bcl-2 family, namely bcl-2 itself, bax and 
bak, and injected them into renal tubular cells [9, 42]. The 
antiapoptotic members, such as bcl-2, prevented tacroli- 
mus induced cell death, bax and bak induced apoptosis 
after microinjection. A FITC labelled control peptide was 
ineffective in either apoptosis prevention or induction 
(Fig. 2 adapted from AJPysiol). It has been shown by 
other investigators, that bcl-2 and bcl-xL over-expression 
can exert antiapoptotic activity in glioma cells [43]. Cheng 
and co-workers found similar results in bcl-2 transfected 
tubule cells after H202 induction of apoptosis [44]. Since 
this is a feasible approach in renal transplantation, where 
the manipulation of the kidney can be performed ex vivo, 
it is certainly not easily practicable in native renal ARF. 
Therefore other antiapoptotic approaches need to be test- 
ed. Dai and colleagues transfected tubule cells with HGF 
and were able to demonstrate that this single transfection 
could ameliorate the severity of folic acid induced acute 
renal failure and promoted regeneration. Expression of 
HGF transgene activated protein kinase B/Akt and pre- 
served Bcl-xL protein expression in vivo [45]. 

One of the methods could be the use of selective 
angiotensin II AT 2 receptor blockers. In this issue of the 
journal we were able to show that physiological concen- 
trations of angiotensin II can cause apoptosis in cultured 
human tubule cells [46]. This effect is mediated via the 
AT2 receptor, since a specific blockade of this receptor 
using the drug PD 1233 19 inhibited the angiotensin II 




O-J-f^ , , , 

1 Hour 2 Hours 3 Hours 4 Hours 

Time after Injection 

Fig. 2. Microinjection of synthetically derived BH4 domain of 
the bcl-2 peptide into renal proximal tubule epithelial cells 
prevented tacrolimus induced apoptosis. The microinjection of 
a nonsense control peptide was ineffective in apoptosis preven- 
tion (with permission from Am J Physiol [9]) 



induced apoptosis, whereas the addition of the specific 
angiotensin II ATI receptor was ineffective in apoptosis 
prevention. Hruska and co-workers did not find a preven- 
tive effect of the ACE inhibitor perindopril in ureteral 
obstruction [47] Other researches have shown reduced 
apoptosis of tubule cells by using angiotensin converting 
enzyme inhibitors or angiotensin II ATI blocker [48, 49]. 
An overview of the different studies is given in Table 2. 
Possible explanations for the discrepancies between the 
findings of these studies are discussed in the following 
section of chronic renal failure. 

Chronic renal failure 

Apoptosis of tubule cells in chronic renal failure is not 
as prominent as in acute renal failure. However, several 
studies described tubular apoptosis to be a key feature of 
progressing renal insufficiency. Woo reported the detec- 
tion of DNA fragmentation in glomeruli, in cyst walls, and 
in both cystic and non-cystic tubules of polycystic kidneys 
but not in kidneys from patients with IgA nephropathy, 
nephrosclerosis, focal glomerulosclerosis or diabetic 
nephropathy [50]. The author speculated that tubular apo- 
ptosis contributes to the progressive deteriorating nature 
of polycystic kidney disease. The limitation of these find- 
ings is the definition of apoptosis solely by DNA fragmen- 
tation. It is therefore not surprising, that no apoptosis was 
found in the other chronic kidney diseases investigated. 

It has been shown in animal models, as well as in 
biopsies from human kidneys, that ureteral obstruction 
causes tubular apoptosis. Truong et al. found caspase 3 
significantly up-regulated and concluded that among other 
caspases, which regulate apoptosis of tubular and intersti- 
tial cells in obstructive uropathy, caspase 3 is especially 
important for the execution of apoptosis [51]. There are 
reports in animal models that apoptosis of podocytes oc- 
curs in TGF-P transgenic mice and might contribute to 
their deletion in progressive glomerulosclerosis. The ki- 
nase Smad7 served as amplifier of TGF-p [52]. 

The effects of angiotensin II and the angiotensin re- 
ceptor, with respect to apoptosis regulation in chronic 
kidney disease, are not clear now. In an experimental 
study by Aizawa and colleagues, angiotensin II infusion 
caused apoptosis in tubule cells of rats, but the infusion of 
norepinephrin to achieve similar elevation in blood pres- 
sure did not lead to apoptosis [53]. This effect was paral- 
leled by a sevenfold increase of bax protein. Interestingly, 
angiotensin II induced apoptosis could be completely 
blocked by the ATI blocker losartan, but not by hy- 
dralazin. On the other hand, the ATI blocker was ineffec- 
tive but the AT2 blocker most potent in prevention of 
angiotensin II induced apoptosis in the cell culture study 
by Weidekamm et al. [46]. This discrepancy in findings 
might be explained by a blood pressure reduction by 
losartan in the in vivo experiments, compared to the in 
vitro study by Weidekamm et al. It has been shown previ- 
ously, that blood pressure per se can induce apoptosis of 
renal cells [54]. Kelly and co-workers showed apoptosis 
of tubule cells in the streptozotozin model of diabetes in 
rats, which was associated with up-regulation of TGF-P v 
and suppression of epidermal growth factor (EGF) [48]. 
The ACE inhibitor perindopril as well as the ATI blocker 
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Table 2. Studies investigating the differential effects of angiotensin receptor subtypes on apoptosis of tubule epithelial cells 



Study Involvement of angiotensin receptors References 

ATI AT2 

In vitro study of human renal proximal tubule cells • [46] 

In vivo rat model of unilateral obstruction • [56, 57] 

In vitro rat model of angiotensin II/norepinephrin infusion • • [49, 53] 

Calcineurin antagonist induced apoptosis in vitro and in vivo • [9, 58] 



valsartan reduced the number of apoptortic cells, but prob- 
ably via suppression of TGF-P and normalization of EGF. 
The same group however, showed that the AT2 receptor is 
expressed in adult rat kidney and that it promotes cell 
proliferation and apoptosis. Given this dual mode of ac- 
tion, it is very likely that many pathways downstream of 
the angiotensin receptor subtypes are involved in these 
processes. This might be another explanation for the het- 
erogeneous findings with regards to angiotension II stim- 
ulation as weir as apoptosis and proliferation. Table 2 
summarizes the published data on the effect of either ATI 
or AT2 receptor blockade on apoptosis. Bonnet and col- 
leagues published a detailed review about this subject 
[55]. 

Conclusions 

Apoptotic cell death contributes to renal tubular cell 
fade in acute , as well as in chronic renal disease. The 
regulation of the processes and pathways has been studied 
more thoroughly in acute renal failure. The Bcl-2 super- 
family plays a key role in the apoptosis effector phase. 
Therefore therapeutic and preventive interventions in 
acute renal failure focus on the differential regulation and 
iatrogenic suppression or overexpression of the pro- and 
antiapoptotic Bcl-2 members respectively. In chronic renal 
failure, the absolute amount of tubule cells which died by 
apoptosis in a defined time frame is hard to estimate, but 
the contribution of tubular apoptosis to the progression of 
renal failure is widely accepted. Among other signal trans- 
duction pathways, angiotensin II receptors seem to play a 
main role in the differential regulation of this process. 
Therefore, selective angiotensin II receptor antagonists are 
under heavy investigation in the prevention of tubular 
apoptosis in various forms of progressive renal failure. 
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Caspase-3 and apoptosis in experimental chronic renal scarring. 

Background. Caspase-3 is a member of the caspase enzyme 
family, having a central role in the execution of apoptosis. 
However, the significance of Caspase-3 in the inappropriate 
and excessive apoptosis that contributes to the progression of 
non-immune-mediated renal scarring has not been established. 

Methods. Kidneys from sham-operated and subtotal ne- 
phrectomized (SNx) rats were harvested on days 7, 15, 30, 60, 
90 and 120 post-surgery. These were analyzed for apoptosis 
(in situ end labeling of DNA, light and electron microscopy), 
Caspase-3 activity (fluorometric substrate cleavage assay), pro- 
tein and mRNA (Western and Northern blotting), as well as dis- 
tribution (immunohistochemistry), inflammation (ED-1 immuno- 
histochemistry) and fibrosis (Masson's Trichrome staining). 

Results. Apoptosis, inflammation and fibrosis gradually in- 
creased in glomeruli, tubules and interstitium of SNx rats. Cas- 
pase-3 was mainly located in damaged tubules, but also was 
found in some glomerular and interstitial cells. Little or no 
staining was noted in sham-operated kidneys. In SNx kidneys, 
Caspase-3 activity was significantly increased from day 30 and 
peaked on day 120 (2.5-fold). This resulted from increases in 
the 17 and 24 kD active protein subunits. The 32 kD precursor 
was increased at all time points (1861% on day 120, P < 0.01). 
Caspase-3 changes were transcription-dependent with the 2.7 
kb caspase-3 mRNA significantly increased at all time points 
(287% on day 120). Caspase-3 activity was a better predictor of 
apoptosis (Std p coefficient = 0.347, P < 0.05) than Caspase-3 
proteins or mRNA; however, Caspase-3 at all levels correlated 
with apoptosis, inflammation and fibrosis (all P < 0.01). 

Conclusions. Up-regulation of apoptosis in remnant kidneys 
is likely to be Caspase-3-dependent as it is associated with 
increases in Caspase-3 at the activity, protein and mRNA lev- 
els. Therefore, Caspase-3 is a potential therapeutic target for 
the modification of renal cell apoptosis and subsequently renal 
fibrosis. 



Apoptosis plays a dual role in the evolution of renal 
scarring with potential beneficial and harmful influences 
[1]. The resolution of renal inflammatory changes de- 
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pends to a large extent on the apoptosis of infiltrating 
inflammatory cells in addition to their migration out of 
the kidneys when the initial insult has subsided [2]. On 
the other hand, inappropriate regulation of apoptosis may 
lead to an ongoing proliferation of these cells within the 
kidneys leading to the initiating and progression of renal 
fibrosis [1]. The harmful side of apoptosis in relation to 
renal scarring pertains to the deletion by this programmed 
cell death process of intrinsic renal cells [3, 4]. Such a 
mechanism has been put forward to explain experimen- 
tal progressive glomerulosclerosis [3, 4] and tubular atro- 
phy [5] and the ensuing tubulointerstitial fibrosis. 

This has been postulated in the remnant kidney model 
of renal scarring in rats, where ongoing deletion of glo- 
merular cells through apoptosis was instrumental in the 
progression of glomerulosclerosis [3]. In the same model, 
we have demonstrated the progressive increase in apo- 
ptosis of tubular and interstitial cells, thus contributing 
to tubular atrophy and the associated renal fibrosis [6]. 

While it is clear that apoptosis is associated with the 
progression of chronic experimental and clinical renal dis- 
eases [3-6], questions remain as to the causal link and the 
precise mechanisms and mediators linking programmed 
cell death with renal fibrosis. The identification of key 
mediators involved in apoptosis and renal scarring may 
allow for therapeutic interventions based on their manip- 
ulations and aimed at inhibiting renal atrophy, fibrosis 
and scarring. 

An increasing body of evidence suggests that caspases 
(cysteine proteases) play an essential role in both the 
regulation and execution phases of apoptotic cell death 
and act upstream of DNA fragmentation [7, 8]. To date, 
a family of 14 different caspases has been identified that 
play a role in both inflammation and apoptosis [8]. They 
are all produced as inactive precursors (zymogens) that 
are processed into the large and small active subunits 
[9]. Caspases are highly specific with an absolute require- 
ment for cleavage after aspartic acid, while individual 
caspase recognize different tetrapeptide motifs, which 
might explain their individual substrate specificity [8]. 
Caspases have diverse functions, with members of this 
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family playing essential roles in both initial signaling 
events (Caspase-8, Caspase-9) and the downstream pro- 
teolytic cleavages (Caspase-3) [7, 8]. Caspase-3 (CPP32, 
YAMA or apopain) is thought to be key executor of 
apoptosis and is activated via the mitochondrial (Bcl-2/ 
Bax, Caspase-9), death receptor (Fas/FasL, Caspase-8), 
or endoplasmic reticulum (Caspase-12) routes [7, 10]. 
Protease inhibitors, including macromolecular and pep- 
tide-based inhibitors of caspases, are highly effective in 
preventing apoptotic cell death in both in vitro and in 
vivo models of apoptosis [8, 11]. 

We have recently observed changes of Caspase-3 in 
an immune-mediated glomerulonephritis model of renal 
scarring [12]. This suggested that Caspase-3 is associated 
with apoptosis, inflammation and fibrosis, and high- 
lighted it as a potential therapeutic target for preventing 
renal scarring. However, there are no data concerning 
changes of Caspase-3 during the progression of renal 
scarring in non-immune-mediated chronic renal scar- 
ring. With that in mind, we have measured Caspase-3 
activity, protein and mRNA levels throughout the 120- 
day course of renal scarring in rats submitted to extensive 
renal ablation, and correlated the observed changes with 
those of apoptosis, inflammation and fibrosis during the 
progression of the disease. 

METHODS 

Experimental animals and protocol 

Male Wistar rats (Sheffield University strain) weighing 
250 to 300 g were subjected to subtotal (5/6) nephrec- 
tomy (SNx). Rats were housed at constant temperature 
(20°C) and humidity (45%) on a 12-hour light/dark cycle. 
They were fed ad libitum on standard laboratory rat 
chow (Lab Sure Ltd., March, Cambridge, UK) and had 
free access to tap water. Subtotal nephrectomy was un- 
dertaken in 32 rats as a one-step procedure: left 2/3 
nephrectomy through the ligation and ablation of the 
kidney upper and lower poles as well as a right uni- 
nephrectomy [13]. Rats were sacrificed in groups (N = 
4 to 6) at days 7, 15, 30, 60, 90 and 120 after SNx. Sham- 
operated rats (N = 29) were used as controls, being 
sacrificed at the same time points as those with SNx. 
Rats were housed in metabolic cages for 24 hours prior to 
sacrifice to facilitate urine collection. All the experiments 
were carried out according to the rules and regulations 
laid down by the Home Office (Animal Scientific Proce- 
dure Act 1986, UK). 

Removed kidney tissue was fixed in formal calcium 
[4% (wt/vol) paraformaldehyde and 2% (wt/vol) calcium 
chloride, pH 7.4] and paraffin-embedded for histological 
and immunohistochemical examination. For electron mi- 
croscopy, small tissue blocks were fixed in 2.5% (vol/ 
vol) glutaraldehyde solution in phosphate buffer (pH 
7.4). Snap-frozen tissues were stored in liquid nitrogen 



for Caspase-3 activity, protein and mRNA analyses. Se- 
rum creatinine concentration (standard autoanalyzer tech- 
niques) and 24-hour urinary protein excretion (Biuret 
method) were determined in each group at all time points. 

Estimation of renal scarring 

The extent of renal scarring following SNx was deter- 
mined by two authors who were blinded to the experi- 
mental code according to a previously published arbi- 
trary scale [14-16]. Using a X200 magnification, sections 
stained with Masson's Trichrome were scored as follows. 
For glomerulosclerosis, a normal glomerulus scored 0; 
mild glomerulosclerosis (GS) affecting up to 25% of the 
glomerular tuft scored 1; moderate GS affecting between 
25% and 50% of the tuft scored 2; and severe GS affect- 
ing in excess of 50% of the tuft scored 3. Tubulointersti- 
tial scarring was defined and scored as: normal tubules 
with approximately 1000 tubule cells per X200 magnifi- 
cation field and no expansion of the interstitium scored 
0; mild tubular atrophy (TA), with approximately 800 
tubular cells per field and interstitial edema or fibrosis 
(IF) affecting up to 25% of the section scored 1; moder- 
ate TA with tubular cell number approximately 600 per 
field and IF affecting 25% to 50% of the section scored 
2; and severe TA with tubular cell number approximately 
400 per field, IF exceeding 50% of the section scored 3. 
To determine the level of tubular atrophy, tubular cells 
per X200 magnification field were counted. The data were 
collected from a minimum series of 12 randomly selected 
fields in the cortex, or such number of fields until 30 
glomeruli had been counted. 

In situ end-labeling for the detection of apoptotic cells 

In formal calcium-fixed and paraffin-embedded 4 ^m 
sections, fragmented nuclear DNA was labeled in situ 
with digoxigeriin-deoxyuridine (dUTP) by terminal deoxy- 
nucleotidyl transferase (TdT), using the ApopTag™ Plus 
peroxidase kit (Appligene Oncor, Illkirch, France) ac- 
cording to the manufacturer's instructions [6, 17]. Briefly, 
after deparaffinization and hydration, sections were di- 
gested by incubation with 15 jxg/mL proteinase K for 15 
minutes at 37°C. Endogenous peroxidase was inactivated 
by 2% (vol/vol) H 2 0 2 in phosphate-buffered saline (PBS). 
The sections were then immersed in TdT reaction buffer, 
and incubated with TdT and digoxigenin-dUTP for 60 
minutes at 37°C. The slides were transferred to stop 
buffer at 37°C for 30 minutes to terminate the reaction. 
The sections were incubated with the antidigoxigenin- 
peroxidase complex for 30 minutes at 37°C and devel- 
oped by using the 3'-amino-9-ethylcarbazole (AEC) sub- 
strate kit (Vector Laboratories, Peterborough, UK) and 
counterstained with hematoxylin. For negative controls, 
slides were incubated in TdT buffer without TdT. For 
biochemically induced positive controls, slides were pre- 
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treated with 10 jxg/mL of DNAse I (Sigma, Poole, UK) 
in DNA buffer. 

For each experimental animal, more than 30 glomeru- 
lar cross-sections and 20 high power (X400) fields of 
tubulointerstitium were examined blinded to the experi- 
mental code by two authors. The number of in situ end 
labeling (ISEL) positive-staining nuclei per glomerulus 
(Gapo), per 400 tubular cells (Tapo), or per interstitial 
field (Iapo) was determined, respectively. ISEL of DNA, 
while associated with apoptosis, also can be seen in ne- 
crotic (nonspecific DNA degradation) and mitotic (tran- 
sient DNA strand break) cells. To substantiate the speci- 
ficity of our results, apoptosis was confirmed by light 
microscopic evaluation of the characteristic morpholog- 
ical features; only strongly positive ISEL cells with ob- 
servable morphological features of apoptosis such as 
shrunken cells with condensed nuclei surrounded by a 
narrow cytoplasmic halo were counted [4, 6, 18, 19]. 

Evaluation of distribution of Caspase-3 and cellular 
inflammation (ED-1) by immunostaining 

Localization of Caspase-3 and ED-1 (a specific mono- 
cyte/macrophage marker) was performed in paraffin- 
embedded kidney tissues by immunohistochemistry using 
a standard avidin-biotin peroxidase complex technique as 
described previously [15]. ED-1 immunostaining was ana- 
lyzed to evaluate the cellular inflammation. Sections were 
pretreated with 0.25% or 0.125% (wt/vol) trypsin at 37°C 
for 10 minutes. A polyclonal rabbit anti-human Caspase-3 
antibody (Pharmingen, San Diego, CA, USA) recogniz- 
ing the 32 and 17 kD Caspase-3 subunits with no cross 
reactivity against other caspase family members (manu- 
facturer's specification) or a monoclonal mouse anti-rat 
EDI antibody (Serotec Ltd., Oxford, UK) were diluted 
1:100 or 1:50 and then applied overnight at 4°C in a 
humid atmosphere. Thereafter, the sections were stained 
by an avidin-biotinylated HRP procedure using a com- 
mercially available kit (ABC Elite, Vector Labora- 
tories). AEC was used as the substrate. Finally, sections 
were counterstained with hematoxylin and mounted in 
Glycergel (Dako, Glostrup, Denmark). Negative control 
sections were incubated with normal mouse IgG or nor- 
mal rabbit serum at the same protein concentration as 
the primary antibody. The immunohistochemical stain- 
ing pattern of ED-1 was semiquantitatively assessed us- 
ing the same counting system as with the ISEL staining. 

Double staining for both apoptosis and Caspase-3, 
ED-1 or a-smooth muscle actin 

Double immunohistochemical staining was under- 
taken on paraffin sections. ISEL was carried out as de- 
scribed above. Before application of the anti-digoxigenin 
antibody, sections were pre-incubated with blocking se- 
rum for 30 minutes, labeled with the anti Caspase-3, anti- 
ED-1 or anti-a-smooth muscle actin (a-SMA; mono- 



clonal mouse anti-human a-SMA, diluted 1:250; Dako) 
antibodies at 4°C overnight. The a-SMA antibody was 
used to detect myofibroblasts typically expressing a high 
immunostaining for this cytoskeletal protein [20]. Sec- 
tions were labeled with biotinylated secondary anti- 
mouse or -rabbit IgG at 37°C for 30 minutes, with alka- 
line phosphatase streptavidin for another 30 minutes and 
developed with Fast Red TR/Naphthol AS-MX solution 
(Sigma) to produce a bright pink color. Subsequently, 
anti-digoxigenin peroxidase antibody was applied to the 
sections and revealed by the addition of diaminobenzi- 
dine to provide positive staining as a yellow/brown color. 
Control sections were incubated with non-immune nor- 
mal mouse IgG or normal rabbit serum in place of pri- 
mary antibody and with the omission of TdT enzyme as 
ISEL controls. 

Detection of Caspase-3 activity in renal tissue 

The modified Fluorometric CaspACE™ Assay System 
(Promega, Cambridge, UK) was used to detect the activ- 
ity of Caspase-3 in tissue. Kidney tissue (20 to 50 mg) from 
control and SNx rats was ground in liquid nitrogen using 
a pestle and mortar. A 1:9 (wt/vol) tissue:buffer extract 
was prepared in Tris/acetate buffer, pH 7.5, at 30°C [21]. 
The extract was centrifuged at 12,000 x g for 10 minutes 
and supernatant was collected. A volume of supernatant 
equivalent to 100 jig protein was assayed for Caspase-3 
activity by the ability to cleave the florigenic substrate 
Ac-DEVD-AMC. The specificity of the assay was deter- 
mined using the Caspase-3 inhibitor Ac-DEVD-CHO by 
adding to the sample 30 minutes before the substrate. 
Proteolytic cleavage of the substrates was monitored in 
a fluorescence microplate reader (SOFTmax PRO; Mo- 
lecular Devices Corp., Sunnyvale, CA, USA) using an 
excitation wavelength of 360 nm and an emission wave- 
length of 460 nm. The fluorescence intensity was cali- 
brated with standard concentrations of AMC, and the 
Caspase-3 activity calculated from the slope of the re- 
corder trace and expressed in picomols per minute per 
jxg of protein at 30°C. 

Measurement of tissue Caspase-3 protein level 

Tissue level of Caspase-3 protein was determined by 
immunoprobing of Western blots. Ten percent (wt/vol) 
tissue homogenate was prepared in the STE buffer [0.32 
mol/L sucrose, 5 mmol/L Tris, 2 mmol/L ethylenedi- 
aminetetraacetic acid (EDTA), 1 mmol/L phenylmethyl- 
sulfonyl fluoride (PMSF), 5 mmol/L benzamidine and 20 
jjig/mL leupeptin], then centrifuged at 4°C, 14,000 x g 
for 10 minutes. Twenty micrograms of protein from the 
supernatant was separated on a 15% (wt/vol) poly acryl- 
amide denaturing gel and then electro-blotted onto Hy- 
bond-C nitrocellulose membranes (Amersham Life Sci- 
ence, Little Chalfont, UK). Membranes were blocked 
by the addition of 3% (wt/vol) bovine serum albumin 
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(BSA) in 0.1% (vol/vol) Tween 20 TBS (TTBS) at 4°C 
overnight before being probed with a polyclonal rabbit 
anti-rat full-length Caspase-3 (Santa Cruz Biochemicals, 
Santa Cruz, CA, USA) at 1:2,000 dilution in TTBS buffer 
at room temperature for two hours. Primary antibody 
binding was revealed using an anti-rabbit peroxidase 
conjugate (Dako) diluted at 1:2,000 in TTBS buffer for 
one hour and the ECL chemiluminescent detection sys- 
tem (Amersham Life Science). Recombinant Caspase-3 
(17 kD and 12 kD subunits; Sigma) was used to verify 
antibody efficacy under experimental conditions. Devel- 
oped films were semiquantitatively analyzed by volume 
density using a Bio-Rad GS-690 scanning densitometer 
and Molecular Analyst version 4 software (Bio-Rad Lab- 
oratories Ltd, Hertfordshire, UK). Translation size was 
determined by comparison to protein molecular weight 
markers (Bio-Rad Laboratories Ltd.) using the same 
analysis package. 

Northern blot analysis of Caspase-3 mRNA 

Northern blot analysis was carried on the snap-frozen 
kidney tissues. Total RNA was extracted using the TRI- 
zol® reagent (Life Technologies BRL, Paisley, UK) and 
quantified by scanning spectrophotometer at 260 nm. 
Fifteen micrograms of total RNA were electrophoresed 
on a 1% (wt/vol) agarose/3-(N-Morpholino) propane 
sulfonic acid (MOPS)/formaldehyde gel. RNA was then 
transferred to a nylon membrane (Hybond-N, Amer- 
sham Life Science) by capillary blotting using 20 X SSC 
and cross-linked to the nylon filter using a UV crosslinker 
(Amersham Life Science) at 70 mJ/cm 2 energy [22, 23]. 

To produce a Caspase-3 cDNA probe, Caspase-3 exo- 
nic DNA was amplified from rat cDNA by the polymer- 
ase chain reaction (PCR) using the following previously 
published primers: 5 '-sense ATGGACAACAACGAA 
ACCTCCGTG, 3'-antisense CCACTCCCAGTCATTC 
CTTTAGTG [24]. Amplification reactions were per- 
formed with 100 |xmol/L of each dNTP in amplification 
buffer (containing 1.5 mmol/L MgCl 2 ) and 1 unit Taq 
polymerase at 85°C for five minutes, before 20 picomoles 
of primers were added. Thirty-nine cycles of amplifica- 
tion were completed using the following conditions: 
94.6°C for one minute, 48°C for one minute, 72°C for 
two minutes. The 850 bp PCR product was cloned into 
the pCR®2.1 vector (Invitrogen, UK). Following bacte- 
rial amplification and plasmid purification, the Caspase-3 
insert was excised with BstXI and EcoRV, separated by 
electrophoresis on a 1.5% (wt/vol) agarose TAE gel and 
purified using Prep-A-Gene DNA Purification Systems 
(Bio-Rad Laboratories Ltd., Hertfordshire, UK). Prod- 
uct confirmation was by restriction mapping using EcoRI 
and Kpnl [12]. Purified cDNA was random primed with 
32 P-labeled dCTP (NEN, USA) using the Prime-a-Gene® 
Labeling System (Promega). Unincorporated label was 



removed using a Sephadex® G-50 NICK™ column (Phar- 
macia Biotech, UK). 

Prehybridization and hybridization were performed 
using the Church buffer system (0.5 mol/L sodium phos- 
phate and 7% SDS) at 65°C [25]. The filter was washed 
three times in church wash buffer (40 mmol/L sodium 
phosphate, 1% SDS) at 65°C for 20 minutes and then 
exposed to Kodak Biomax MS film for 24 hours. Auto- 
radiographs were quantitatively analyzed by scanning vol- 
ume density using a Bio-Rad GS-690 densitometer and 
Molecular Analyst version 4 analysis software (Bio-Rad 
Laboratories Ltd.). Optical density values for Caspase-3 
were corrected for loading using the housekeeping gene 
cyclophilin [12, 26]. Results were expressed as percent- 
age of control sample mRNA densities. Transcript size 
was determined by comparison to RNA molecular weight 
markers (Promega) using the same analysis package and 
by visual comparison to the ribosomal RNA subunits. 

Statistical analysis 

Results are expressed as mean ± standard error of 
the mean (SEM). The statistical difference was assessed 
by a single factor variance (ANOVA) or the Student t 
test. Linear correlation analysis using GraphPad InStat 
(GraphPad Software Inc., San Diego, CA, USA) and 
multiple linear regression analysis using SSPS (SPSS Inc., 
Chicago, IL, USA) were applied to determine the corre- 
lation and association between parameters. P < 0.05 was 
considered to be significant. 

RESULTS 

Renal function and histology studies 

Proteinuria in SNx rats was significantly raised from 
day 30 (SNx 40.4 ± 8.0 mg/24 h vs. Sham 9.3 ± 0.7 mg/ 
24 h, P < 0.05) while serum creatinine was significantly 
raised from day 7 (SNx 68.5 ± 5.8 jimol/L vs. Sham 
33.8 ± 3.1 jxmol/L). Both reached maximum levels on 
day 120 (proteinuria, SNx 256.8 ± 56.8 mg/24 h vs. Sham 
7.4 ± 0.8 mg/24 h; serum creatinine, SNx 140.6 ± 
36.5 |imol/L vs. Sham 40.0 ± 1.4 jimol/L; Table 1). Sig- 
nificant evidence of GS (0.22 ± 0.10), TA (936 ± 26 
tubular cells per X200 field) and IF (0.32 ± 0.13 at X200 
field) following SNx was noted from day 7 and progres- 
sively increased thereafter. Maximum changes were re- 
corded on day 120 after SNx with GS reaching 1.86 ± 
0.15, TA at 613.62 ± 47.54 tubular cells per X200 field 
and an IF score of 1.93 ± 0.24 at X200 field (Table 1). 
This indicated the progressive renal insufficiency and a 
moderate degree of renal scarring as previously docu- 
mented in our earlier studies using this model [6]. 

Detection of apoptotic cells 

Using ISEL, very few apoptotic cells were noted in 
the glomeruli, tubules and interstitium of sham-operated 
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Table L Changes with time in renal fibrosis, apoptosis and inflammation in the kidneys of rats submitted to subtotal nephrectomy (SNx) 
UP S 0 

Days mg/24 h pmollL GS TA IF Gapo Tapo Iapo Ged-1 Ied-1 

7 SNc 6.5 ±0.7 33.8 ±3.1 ND 1000 ±0 ND 0.02 ±0.01 0.09 ±0.01 0.17 ± 0.02 0.17 ±0.07 2.02 ±0.19 

SNx 16.9±4.5 a 68.5±5.8 a 0.22±0.10 b 936 ±26 b 0.32±0.13 b 0.06 ± 0.02 1.08 ±0.24 b 0.43±0.05 c 1.50±0.43 a 4.08 ±0.69* 

15 SNc 9.3 ±2.7 42.6 ±2.4 ND 1000 ±0 ND 0.01 ±0.01 0.09 ±0.01 0.14 ± 0.04 0.19 ±0.07 1.86 ±0.41 

SNx 16.7 ±2.8 84.2 ± 7.9 s 0.18±0.06 b 943±12 b 0.27±0.06 b 0.07 ± 0.02 a 0.92 ± 0.08 b 0.46±0.06 b 6.86±0.84 c 9.60±1.50 c 

30 SNc 9.3 ±0.7 53.8 ±4.2 ND 1000 ±0 ND 0.03 ±0.01 0.06 ± 0.02 0.18 ±0.02 0.22 ±0.13 2.05 ±0.41 

SNx 40.4±8.0 a 78.7±6.4 a 0.34±0.05 b 892±13 b 0.54±0.06 b 0.12 ± 0.03 a 1.09 ± 0.22 b 0.73±0.10 b 4.08±0.20 b 10.50 ±1.91 b 

60 SNc 7.7 ±2.1 42.5 ±1.8 ND 996 ±4 0.02 ±0.02 0.02 ±0.01 0.10 ±0.01 0.18 ± 0.03 0.15 ±0.15 1.98 ±0.37 

SNx 131.1 ±23.0 a 107.4 ±28.5 0.73±0.13 b 763±49 b 1.18±0.25 b 0.10 ±0.01 c 1.66 ±0.14 c 0.85±0.12 b 7.50±1.66 b 17.40 ±3.23 c 

90 SNc 9.9 ±1.1 53.4 ±5.6 ND 1000 ±0 ND 0.02 ±0.01 0.08 ±0.01 0.21 ±0.04 0.46 ±0.15 3.74 ±0.75 

SNx 234.1 ±45.4 8 111.2 ±19.9 a 1.67±0.16 c 653 ±39° 1.73±0.20 c 0.21 ± 0.04 b 2.09 ± 0.53 b 0.96±0.31 a 12.80 ±2.65 c 21.80 ±3.65 c 

120 SNc 7.4 ±0.8 40.0 ±1.4 ND 1000 ±0 ND 0.03 ±0.02 0.06 ±0.02 0.11 ±0.03 0.48 ±0.16 3.98 ±0.83 

SNx 256.8 ±56.8 a 140.6 ±36.5 a 1.86±0.15 c 613±48 c 1.93±0.24 c 0.25 ± 0.04 c 2.77 ± 0.44 c 1.04±0.25 b 15.90 ±3.64 c 27.40 ±4.78 c 

Data represent mean ± SEM. Statistical significance when compared to respective control. 

Abbreviations are: SNc, sham-operated (N = 4); SNx, subtotally nephrectomized (N = 6); UP, proteinuria; S Q , serum creatinine; GS, glomerulosclerosis; TA, 
tubular atrophy; IF, interstitial edema or fibrosis; Gapo, apoptotic cells per glomerulus; Tapo, apoptotic cells per 400 tubular cells; Iapo, apoptotic cells per X400 
field; Gedl, ED-1 positive-staining cells per glomerulus; Iedl, ED-1 positive-staining cells per X400 field. 

*P < 0.05, b P < 0.01, e P < 0.005 and ND, not detectable 



rats. Remnant kidneys demonstrated a significant and 
gradual increase in positively stained nuclei in the glo- 
meruli from day 15 (SNx 0.07 ± 0.02 vs. Sham 0.01 ± 
0.01 per glomerulus), in the tubules from day 7 (SNx 
1.08 ± 0.24 vs. Sham 0.09 ± 0.01 per 400 tubular cells) 
and in the interstitium from day 7 (SNx 0.43 ± 0.05 vs. 
Sham 0.17 ± 0.02 per interstitial field at X400) until the 
end of the time course. Maximum changes were seen at 
day 120 for apoptosis in glomeruli (SNx 0.25 ± 0.04 vs. 
Sham 0.03 ± 0.02), tubules (SNx 2.77 ± 0.44 vs. Sham 
0.06 ± 0.02 cell per 400 tubular cells) and interstitium 
(SNx 1.04 ± 0.25 vs. Sham 0.11 ± 0.03 cell per interstitial 
field at X400; Table 1). The highest rates of apoptosis 
were in the sclerotic glomeruli (Fig. 1 A), dilated or atro- 
phied tubules (Fig. IB) and expanded interstitium (Fig. 
1C). In positive control sections treated with DNAse I 
before the TdT reaction, nearly all of the cells stained, 
but most of positive nuclei showed normal shape, and 
no cytoplasmic condensation. No staining was present 
in the negative control sections using buffer lacking TdT 
(data not shown). Electron microscopy confirmed apo- 
ptotic cells with distinct morphological motifs (Fig. 2). 

Distribution of Caspase-3 and detection of cellular 
inflammatory ED-1 

There was no or very faint Caspase-3 immunostaining 
in sham-operated kidneys (Fig. ID). In contrast, Cas- 
pase-3 staining was seen in dilated tubules (Fig. IE), 
damaged glomerular capsule and a few glomerular cells 
(Fig. IE), the loop of Henle (Fig. IF) and interstitial 
cells (Fig. 1G) of remnant kidneys. Some Caspase-3 posi- 
tive cells had the typical morphological features of apo- 
ptosis (Fig. 1G). 

In kidneys from sham-operated rats, a small number 
of ED-1 positive cells were seen in the glomeruli (0.28 ± 
0.12 per glomerulus) and interstitium (2.61 ± 0.49 per 



X400 field; Fig. 1J). In contrast, ED-1 staining cells were 
gradually and significantly increased throughout the ex- 
perimental time course in SNx kidneys with a peak on 
day 120 in the glomeruli (15.90 ± 3.64 per glomerulus) 
and interstitium (27.40 ± 4.78 per X400 field; Table 1). 
ED-1+ cells were distributed in inflamed or sclerotic 
glomeruli (Fig. IK), expanded interstitium (Fig. 1L) and 
dilated tubular lumens (Fig. 1M). 

Double staining for ED-1, a-SMA and Caspase-3 
with apoptosis 

Double staining cells of Caspase-3 and ISEL were 
noted in glomerular cells (Fig. 1H) and atrophied tubular 
cells (Fig. II). In remnant kidneys ED-1 and ISEL dou- 
ble-staining, positive cells were found in inflamed inter- 
stitium (Fig. IN) and glomeruli (not shown). Some cells 
stained positively for both apoptosis (ISEL) and ot-SMA 
in the interstitium (Fig. lO). 

Caspase-3 activity 

There was a gradual increase in Caspase-3 protease 
activity in SNx rat kidneys at all time points compared 
with the controls reaching significance by day 30 and 
reaching a peak on day 120 (2.5-fold of control; Fig. 3). 
The specific and competitive tetrapeptide inhibitor of 
Caspase-3, Ac-DEVD-CHO, almost fully inhibited the 
Caspase-3 activity in the assays, demonstrating assay 
specificity (data not shown). 

Tissue level of Caspase-3 protein 

Western blot analysis showed a considerable variation 
in Caspase-3 levels in animals from the same experimen- 
tal groups in this study (Fig. 4). However, the magnitude 
of the observed changes was statistically significant. The 
17 kD Caspase-3 active subunit was significantly in- 
creased from day 30 onwards in SNx kidneys with maxi- 
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mal expression on day 120 (1942% of control). A 24 kD 
band also representing a Caspase-3 active subunit was 
gradually and significantly increased at all time points, 
reaching a peak on day 120 (921% of control). The 29 
kD Caspase-3 processing intermediate was present in all 
kidneys throughout the time course. The 32 kD precursor 
of Caspase-3 was significantly increased as early as day 
7 (747%), peaked on day 60 (2704%), and then dropped 
with time until day 120 (1861% of control). This was in 
contrast with the continuous increase of both 17 kD and 
24 kD active subunits (Fig. 4). 

To validate antibody reactivity, Western blots were per- 
formed utilizing recombinant active Caspase-3 protein. 
The full length Caspase-3 antibody strongly bound with 
12 and 17 kD recombinant Caspase-3 proteins (Fig. 4). 

Expression of Caspase-3 mRNA 

Northern blot analysis revealed the expression of a 
Caspase-3 mRNA transcript at 2.7 kb (Fig. 5). In compar- 
ison with the control rat kidneys, the level of Caspase-3 
mRNA was significantly increased at all time points, and 
reaching a peak at day 120 (287% of control; Fig. 5). 

Correlation between apoptosis, inflammation, fibrosis 
and Caspase-3 

Cellular apoptosis in glomeruli, tubules and intersti- 
tium closely correlated with inflammation (r = 0.403, 
0.820 and 0.732, P < 0.01), as well as with GS, TA and 
IF (r = 0.871, -0.873 and 0.773, P < 0.01 [28]). Cellular 
inflammation also positively correlated with GS, TA and 
IF (r = 0.679, -0.698 and 0.698, P < 0.01). Multiple 
regression analysis showed that apoptosis was more 
closely associated with GS and TA (Std 0 coefficients = 
0.531 and -0.723, respectively, P < 0.01) than inflamma- 
tion or proliferation and interstitial inflammation was 
more closely related with IF (Std £ coefficients = 0.458, 
P < 0.01) than apoptosis and proliferation (refer previ- 
ous data [6]). 

There were close associations between the expression 
of Caspase-3 activity and proteins (17 kD, r = 0.512 and 
24 kD, r = 0.440, P < 0.01; and 32 kD, r = 0.302, P < 
0.05); proteins and mRNA (17 kD, r = 0.634; 24 kD, 
r = 0.637; and 32 kD, r = 0.583, all P < 0.01); and activity 
and mRNA (r = 0.698, P < 0.01). The Caspase-3 at 
different levels positively correlated with overall apopto- 
sis (activity, r = 0.589, 17 kD, r = 0.530; 24 kD, r = 



0.573; and 32 kD, r = 0.577; and mRNA, r = 0.642, all 
P < 0.01), inflammation (activity, r = 0.722; 17 kD, r = 
0.642; 24 kD, r = 0.621; and 32 kD, r = 0.544; and mRNA, 
r = 0.805, all P < 0.01) and fibrosis (activity, r = 0.728; 
17 kD, r = 0.679; 24 kD, r = 0.711; and 32 kD, r = 0.589; 
and mRNA, r = 0.818, all P < 0.01). Among Caspase-3 
activity, protein and mRNA, multiple regression analysis 
showed that Caspase-3 activity was the best predictor 
of apoptosis (Std p coefficient = 0.347, P < 0.05) and 
Caspase-3 mRNA was a better predictor of inflammation 
and fibrosis (Std 0 coefficient = 0.435 and 0.394 respec- 
tively, P < 0.01). 

DISCUSSION 

Subtotal nephrectomy in rats is a non-immune medi- 
ated experimental model of chronic renal scarring [27]. 
Previously we described a progressive and sustained in- 
crease in the number of apoptotic cells in the glomeruli, 
tubules and interstitium in this model, with maximal 
apoptosis detected in sclerotic glomeruli, atrophied tu- 
bules and expanded interstitium [6]. Further studies in 
this model have demonstrated that apoptosis is likely to 
be influenced by the interplay between Bax (pro-apo- 
ptotic antigen) and Bcl-2 (anti-apoptotic antigen) with 
changes at both the mRNA and protein levels [28]. An 
increase in Bax coupled with a decreased level of Bcl-2 
was shown to have strong associations with the changes 
in apoptosis and the progression of renal scarring [28]. 
In this study, we extended our observations to encompass 
Caspase-3, which is thought to be a key enzyme for the 
execution of the apoptotic program [7, 8]. There is a clear 
up-regulation of Caspase-3 activity that is dependent on 
changes not only at the translation and transcription levels, 
but also by post-translational modification of the latent 
precursor. Multiple regression analysis demonstrated 
that Caspsase-3 activity was the best predictor of apopto- 
sis and strongly correlated with its protein and mRNA 
levels. Furthermore, we have highlighted changes in 
Caspase-3 that are consistent with variations in apopto- 
sis, inflammation and fibrosis over the time course. 

The caspase enzyme family, and in particular Caspase-3, 
has a central role in the execution of apoptosis that re- 
sults in the phenotype of apoptosis. Caspase-3 is trans- 
lated as an inactive 32 kD precursor that is proteolytically 
processed to become a functionally active enzyme [29-32]. 



< — 

Fig. L (A-Q Positive apoptotic cells (indicated by arrows) in glomeruli (A, X400), tubules (B, X200) and interstitium (C, X400) of subtotaUy 
nephrectomized (SNx) kidneys by ApopTag staining. (£>-/) Caspase-3 immunostaining in sham-operated (D, X200) and remnant kidneys (E-G) 
within the dilated tubules (E, X200; G, X400), glomerulus (E), loops of Henle (F, X200) and interstitial cells (G). (H and I) Double staining of 
Caspase-3 (bright pink) with ISEL (brown) in the glomerulus (H, X800) and atrophied tubule (I, X800) in the remnant kidney with dark brown 
indicating composite staining. (J-M) ED-1 positive cells in the glomerulus and interstitium of sham-operated rat kidney (J, X200), and in glomeruli, 
interstitium (K and L, X100) and tubular lumen of remnant kidneys (M, X200). (N and O) Double staining of ISEL (brown) with ED-1 (bright 
pink) (N, X400) and a-smooth muscle actin (a-SMA; bright pink; O, X1000) in the interstitium of SNx kidneys. 
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Fig. 2. Positive apoptotic cells (indicated by arrows) in glomeruli (A, 
X8829), tubules (B, X11142) and interstitium (C, X6858) of SNx kidneys 
by electron microscopy. 



Activation of Caspase-3 requires two proteolytic cleav- 
age events. Removal of the NH 2 terminal pro-domain 
generating a 29 kD processing intermediate that is subse- 
quently cleaved into 17 kD and 11 kD or 12 kD subfrag- 
ments [30-32]. However, other active fragments, such as 
24, 20 and 18 kD, have also been reported [12, 24, 33]. 
These subfragments then heterodimerize to form the 
activated protease [31, 32]. 

In this SNx model, Western blot analysis of remnant 
kidneys showed significant increases in both the 17 kD 
and 24 kD subunits representing active Caspase-3. The ap- 
pearance of the active Caspase-3 fragments correlated 
well with the changes in enzyme activity. However, while 
elevated, Caspase-3 mRNA did not increase in line with 
the Caspase-3 activity. Thus, the changes in activity due 
to the increases in 17 kD and 24 kD proteins would ap- 
pear to be a consequence of changes in level of activation 
of the 32 kD Caspase-3 precursor, rather than solely down 
to an increased transcriptional rate. This also explains the 
decrease in 32 kD protein at the latter time points in 
spite of a continuing up-regulation of the mRNA levels, 
suggesting this de novo Caspase-3 precursor is immedi- 
ately processed to the smaller active forms when apoptosis 
is at its highest. Furthermore, the levels of 32 kD Caspase- 
3 protein are not wholly consistent with the changes of 
Caspase-3 mRNA level at earlier time points. The steadily 
increasing levels of the 32 kD protein up to day 60 in 
comparison to the static elevation in mRNA level indi- 
cates that changes in mRNA stability or alteration to the 
rate of translation also may be important in Caspase-3 
production. 

Immunolocalization of Caspase-3 in rat kidneys has 
previously proved difficult with a few studies restricted to 
analysis of human tissues [34, 35]. Here for the first time, 
we have been able to localize Caspase-3 in paraffin- 
embedded rat kidney by pretreating sections with a high 
concentration of trypsin and applying an anti-human full- 
length Caspase-3 antibody. This revealed no or very faint 
Caspase-3 positive immunostaining in sham-operated kid- 
neys. Given the substantial levels of Caspase-3 protein 
and mRNA detectable in normal kidneys (assumption 
made on band development time in Western and Northern 
blotting analysis) this would be consistent with a low ex- 
pression of Caspase-3 in many cells falling below the 
threshold for immunohistochemical detection. In contrast 
within remnant kidneys, there was a strong Caspase-3 
staining especially in damaged tubules, but also within 
some glomerular and interstitial cells. This staining pat- 
tern is consistent with that of ISEL, which in combination 
with double staining provides direct evidence for the 
involvement of Caspase-3 in apoptosis in this model of 
renal scarring. While the location allows identification of 
tubular cells as producers of Caspase-3, it is not directly 
evident from our study that cell types in the glomeruli 
and interstitium have elevated Caspase-3. These may be 



Yang et at Caspase-3 and apoptosis 



1773 



0.12 i 




30 60 
Time, days after SNx 



Fig. 3. Activity of Caspase-3 in kidney tissues 
assayed by the fluorometric measurement of 
AMC cleaved from a specific Caspase-3 sub- 
strate. Symbols are: (□) control; (■) SNx. 
Data represent mean ± SEM. N = 4 for con- 
trol and N = 6 for SNx. **P < 0.01; ***P < 
0.001 compared with the control kidneys. 
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Fig. 4. Western blot analysis for Caspase-3 
protein in SNx kidneys on day 7, 15, 30, 60, 
90 and 120. A 17 kD band and a 24 kD band, 
representing the Caspase-3 active subunit; a 
29 kD, representing processing intermediate 
of Caspase-3; a 32 kD band, representing the 
precursor of Caspase-3. Re-c3: 5 ng recombi- 
nant Caspase-3. Symbols are: (^) control; (■) 
17 kD; (□) control; (■) 24 kD; (D) Control; 
(U) 32 kD. Data represent the mean percent- 
age change in volume density compared to the 
average control value (mean ± SEM). N = 4 
for control, N = 5 for SNx. */><0.05; **P<0M 
compared with the control kidneys. 
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Fig. 5. Tissue level of Caspase-3 mRNA by 
Northern blot analysis in SNx rat kidneys. 

Autoradiographs at the top show 2.7 kb Cas- 
pase-3 mRNA transcript and the bottom, 
cyclophilin 1.8 kb transcript. The histogram 
shows the volume density analysis of autora- 
diographs corrected for loading using cycloph- 
ilin. Data represent the mean percentage 
change in volume density compared to the 
average control value (mean ± SEM). N = 4 
for control and N = 6 for SNx. *P < 0.05; 
**P < 0.01 compared with the control kidneys. 



either resident renal cells or inflammatory cells. Double 
staining for cell markers appears to be a solution, al- 
though markers such as ED-1 and a-SMA are rapidly 
lost once the apoptotic pathway has commenced. Given 
that most Caspase-3 positive cells are likely to be at some 
stage in the apoptotic program and requirement of strong 
trypsinization for Caspase-3 immunostaining, then the 
co-localization of a specific cell marker with Caspase-3 
has obvious problems. However, we have had some suc- 
cess double-staining ISEL-positive cells with ED-1 or a- 
SMA, which by inference suggests that most cells ex- 
pressing Caspase-3 would be monocytes or myofi- 
broblasts in the glomeruli and interstitium. 

Other immunohistochemical studies using the same 
Caspase-3 antibody in normal human kidneys showed 
strong positive staining in renal tubule epithelium with 
little or no Caspase-3 immunoreactivity in the glomeruli 
[35]. The higher tubular staining in normal human kid- 
neys may well represent differences between species; how- 
ever, it equally could be due to greater sensitivity of the 
antibody for human than rat Caspase-3. Studies describ- 
ing changes in Caspase-3 staining in human scarred tissue 
remain to be performed. However, when this is done it 
will be interesting to note if the considerable Caspase-3 
staining within the glomeruli and interstitium seen in 
this experimental model also are evident, as they un- 
doubtedly contribute significantly to the Caspase-3 pool. 

The predominantly Caspase-3 tubular epithelial stain- 
ing pattern combined with the positive double staining 
of Caspase-3 and ISEL clearly implicates Caspase-3 in 
tubular cell apoptosis and tubular atrophy. Caspase-3 also 
has been reported to be involved in the pathogenesis of 



other renal injury models associated with apoptosis. For 
instance, it was found to be up-regulated at both mRNA 
and total protein levels during reperf usion in a rat model 
of acute renal ischaemia [24]. In addition, increased Cas- 
pase-3 activity was reported following the administration 
of nephrotoxic doses of cyclosporine A in salt-depleted 
rats [36]. 

The staining profile of Caspase-3 reported here is simi- 
lar to that reported for Bax in remnant kidneys, espe- 
cially in dilated tubules, sclerotic glomeruli and fibrotic 
interstitial areas [28]. This indicates that Bax and Cas- 
pase-3 may have a coordinating role in the processing 
of apoptotic cell death. Caspase-3 is potentially the most 
important effector enzyme in apoptosis, providing a 
common pathway for death receptor (Fas/FasL), mito- 
chondria-dependent (Bax/Bcl-2 related) or endoplasmic 
reticulum-mediated apoptosis [7, 10, 37]. In light of our 
previous findings of changes in the Bax/Bcl-2 ratio in 
this model [28], it seems likely that Caspase-3 activation 
may be linked with the changes of Bax/Bcl-2. 

While our results clearly implicate Caspase-3 in apo- 
ptosis associated with progressive renal scarring, it is 
important to note that Caspase-3 also is involved in the 
inflammation as indicated by the positive correlation be- 
tween the Caspase-3 activity, proteins, mRNA and cellu- 
lar inflammation in remnant kidneys. While the remnant 
kidney model of renal scarring is not initiated by an 
immune response, the progression of fibrosis has been 
associated with the severity of the late interstitial in- 
flammatory infiltrate [27, 38]. This was supported in our 
study by the strong association between the severity of 
the monocytic interstitial infiltrate and interstitial fibro- 
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sis. In addition, we noted that this inflammatory mono- 
cytic (ED-1+) infiltrate paralleled the gradual increase 
of apoptosis in glomeruli, tubules and interstitium. Such 
a persistent inflammation may favor a microenvironment 
for uncontrolled apoptosis of renal cells. This not only 
may be due to the direct action of various inflammatory 
cells to instigate apoptosis through cell to cell contact 
[39], but also due to the inevitable changes in cytokines 
and growth factors that accompany inflammatory cells. 
Many of these, such as transforming growth factor-pl 
[40-41] and tumor necrosis factor-a (TNF-a) [42], are 
highly influential on apoptotic rates. 

The pivotal role of Caspase-3 in the apoptosis machin- 
ery makes it an attractive target to regulate apoptosis- 
related cell death. In vitro, the induction of apoptosis in 
mouse proximal tubule cells by cisplatin has been inhibited 
by Ac-Asp-Glu-Val-Asp-H, a known Caspase-3 inhibi- 
tor [43]. Application of this therapeutic approach in vivo 
is clearly more problematic, although has met with some 
success despite fears relating to the potential tumorigenic 
consequences of inhibiting apoptosis. For example, ele- 
vated apoptosis of hepatic parenchymal cells during en- 
dotoxemia (TNF-a mediated) was prevented by injection 
of Z-VAD, a strong Caspase-3 inhibitor [44]. It has been 
also been reported that the administration of B-D-FMK 
(a pan caspase inhibitor) was neuro-protective when 
given by intra-cerebral or systemic injection after cere- 
bral hypoxia-ischemia [45]. More recently, it has been 
reported Z-VAD-FMK reduced the Caspase-3 activity 
and prevented the early onset of not only renal apoptosis, 
but also inflammation and tissue injury in a mouse model 
of renal ischemia [46]. Given these findings a similar 
blockade of Caspase-3 in progressive renal scarring may 
provide a novel therapeutic approach to the treatment 
of renal scarring by controlling inappropriate apoptosis 
of renal cells. 

In conclusion, we have demonstrated, to our knowl- 
edge for the first time, significant increases in Caspase-3 
at the activity, protein and mRNA levels, which coincide 
with elevated apoptosis in a non-immune mediated 
chronic renal fibrosis model. During the SNx time course, 
the increase of Caspase-3 activity was associated with 
the elevated precursor and active Caspase-3 proteins, 
which resulted from the increase of Caspase-3 mRNA 
transcription indicating the requirement for de novo syn- 
thesis of Caspase-3. Caspase-3 activity was a good pre- 
dictor of apoptosis occurrence associated with GS and 
TA. The manipulation of Caspase-3 could therefore be 
a therapeutic target for prevention renal cell deletion by 
uncontrolled apoptosis and the subsequent renal fibrosis. 
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